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ABSTRACT 
 The fertilization rate and placement methods of phosphorus and potassium fertilizers can 
positively affect soybean [Glycine max L. (Merr.)] seed composition and yield in some environments, 
but not in others.  Soybean seed production costs and chemically-treated seed disposal costs have 
increased, coinciding with farmers’ adoption of planting chemically-treated soybean seeds. Seeds 
are treated with fungicides and sometimes with insecticides to provide protection from pathogens 
and insects before seed emergence.  These changes in production costs have renewed seed 
industry’s interest in identifying agronomic practices that enhance soybean quality, composition, 
and storability.  Soybean seeds do not store well and seed quality declines faster than seeds from 
other agronomic crops because of their high oil content.  Seed quality is defined for this study as 
seed viability, seed vigor, seed composition, and the fatty acid profile of the oil in seeds and their 
relationship to seed storability.  Before the adoption of chemically-treated soybean seeds, unused, 
untreated seed was returned to seed dealers and sold in the commodity market.  But today, many 
seed lots are chemically-treated and returned seed must be disposed in an environmentally safe 
manner.  Many producers’ storage sheds are non-climate controlled so wide variations in 
temperature and relative humidity reduce seed quality due to the inadequate environment for seed 
storage.  Chapter 2 investigates the effects that phosphorus and potassium fertilization have on 
initial seed quality and vigor, as well as changes that occur in the composition of oils and proteins 
within the seed.  Chapter 3 documents changes in soybean seed storability in response to 
phosphorus and potassium fertilization in multiple storage environments. 
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CHAPTER 1. GENERAL INTRODUCTION 
 
Introduction 
 
Fertilization level effects on initial seed viability 
 Phosphorus deficiency in soybean [Glycine max (L.) Merill] can result in poor nodulation, 
reduced seed viability, and decreased percentage of fully developed seeds (Bishnoi et al., 2007).  
Phosphorus fertilization increases soybean grain yield in no-till production environments and soils 
with low soil test phosphorus levels (Bishnoi et al., 2007; Borges and Mallarino, 2000; Thalooth et 
al., 1989), regardless of placement method (Borges and Mallarino, 2000).  However, seed yield does 
not increase in soybeans managed with ridge tillage (Borges and Mallarino, 2003).  Borges and 
Mallarino (2000) speculated that abundant rainfall during the growing season could have increased 
the soybean root mass at the surface, explaining a lack of response to phosphorus fertilization on 
low soil-test phosphorus soils for some environments. Buah et al. (2000) also investigated the effect 
of phosphorus application method on soybean yield in a long term, no-tillage situation (>10 yr), and 
found that soil test levels of phosphorus above optimum seldom produced yield responses.  
Phosphorus fertilization also increased soybean seed germination and vigor (Bishnoi et al., 2007). 
 Soils test potassium levels at or above optimum can produce significant yield responses in 
some no-till environments (Borges and Mallarino, 2000; Fernandez et al., 2009; Jeffers et al, 1982; 
Yin and Vyn, 2002).   Yin and Vyn (2002) found that under no-till management practices, soils had 
potassium stratification and limited potassium mobility.  The author’s speculated that lack of soil 
mixing, surface broadcasting of potassium fertilizer, and high crop residue concentrations at the soil 
surface resulted in stratification (Yin and Vyn, 2002).  Borges and Mallarino (2003) also found that 
potassium fertilization had a small and inconsistent effect on plant early-growth and grain yield 
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responses in ridge till systems, regardless of fertilizer placement method used.  Jeffers et al. (1982) 
indicated that soybean plants grown without potassium fertilization matured later than those 
receiving adequate potassium.  However, seed maturity only was delayed for a few days and the 
effect of harvest date was probably very small. 
Potassium fertilization also affects the fungal pathogen loads of soybean seeds.  Jeffers et al. 
(1982) reported that seeds harvested from fields fertilized with potassium had lower incidence of 
phomopsis (Phomopsis viticola Sacc.) infection and higher seed germination than those produced in 
non-fertilized fields.  The authors attributed these seed quality changes to a reduction in the 
number of moldy, dead seeds.  Another finding from this study was that purple stained seed 
[Cercospora kikuchii (Tak. Matsumoto & Tomoy) -infected seed] increased with higher levels of 
potassium fertilization (Jeffers et al., 1982).   
These results indicate that soybean response to phosphorus and potassium fertilization 
varies greatly among environments and the plant-soil-climate interactions are not well understood.   
Also, there is little information in the published literature investigating the effects of phosphorus 
and potassium fertility on seed quality of soybeans.  Further work should be completed to assess 
changes in seed quality that occur in response to the high levels of phosphorus and potassium 
fertility in many of today’s production environments. 
Effects of fertilization level on seed composition 
 One of the challenges plant breeders encounter when breeding soybeans with enhanced 
seed quality traits is that, when selecting for one trait, other traits may also be affected.  For 
example, one unexpected change associated with selecting for higher protein contents in soybeans 
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is a decrease in yield and total oil content (Burton, 1985).  Environmental factors also alter the 
composition of soybean seeds.  Potassium and phosphorus fertilization affects the concentrations of 
protein, oil, and the fatty acid profiles in soybean seed. Phosphorus fertilization increased oil 
(Gaydou and Arrivets, 1983; Israel et al., 2007) and protein in the seed (Gaydou and Arrivets, 1983).  
Phosphorus fertilization affected the fatty acid profiles within the seed oils (Gaydou and Arrivets, 
1983), by increasing oleic acid concentration, and decreasing linoleic acid concentration (Gaydou 
and Arrivets, 1983; Israel et al, 2007).    
Potassium fertilization also increased seed oil concentration, but caused a simultaneous 
decrease in protein concentrations (Gaydou and Arrivets, 1983; Sale and Campbell, 1986; Yin and 
Vyn, 2003).  High levels of potassium fertility also can cause changes in fatty acid profiles within the 
seed oils (Gaydou and Arrivets, 1983).  Potassium fertilization increased the concentration of 
linolenic acid in the seed oils, while oleic acid decreased.  Increases in linoleic acid also decreased 
the oleic acid levels showing an inverse relationship between the content of these fatty acids in seed 
oils (Gaydou and Arrivets, 1983).  The authors also observed that concentrations of linoleic, 
linolenic, and palmitic acids increased or decreased together in response to different fertilizers.  Yin 
and Vyn (2003) investigated the effect of four different application methods of potassium fertilizer 
and row widths on grain yield, seed composition, and concentration of potassium in the plant. These 
authors found that banded potassium treatments significantly increased seed oil concentrations 
relative to the non-fertilized control, while the broadcast application did not. 
 Subsequent research by Haq and Mallarino (2005) reevaluated the effects of phosphorus 
and potassium fertilization and placement on soybean oil and protein concentrations.  Infrequent, 
small, and inconsistent increases in soybean oil and protein concentrations were observed with 
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phosphorus and potassium fertilization, as well as a more frequent increase in grain yield.  The 
authors concluded that increases in oil and protein concentrations from fertilization were unlikely.  
However, an increase in yield resulted in an increase of total production per unit area of oil and 
protein (Haq and Mallarino, 2005).  Studies completed by Fernandez et al. (2009) agreed with Haq 
and Mallarino (2005) indicating that no changes in oil or protein concentrations occurred due to 
potassium fertilization in medium and high soil-test potassium environments. 
Seguin and Zheng (2006) also investigated the effect of phosphorus, potassium, sulfur, and 
boron fertilization on soybean isoflavone content and seed oil and protein concentration, but found 
few significant changes due to fertilization.  The authors speculated that the lack of response was 
probably due to high levels of fertility in the soil prior to conducting the experiment.  They 
concluded that levels of phosphorus and potassium above adequate did not provide any significant 
response for any variable measured (Seguin and Zheng, 2006).  
These studies indicated a relationship between phosphorus and potassium fertilization, seed 
yield, and oil and protein concentrations.  Most studies have focused on changes in total seed oil or 
seed protein in relationship to seed yield responses.  Further work is needed to understand 
relationships and changes in the concentrations of fatty acids in the seed oil in response to 
fertilization.  Many of today’s seed production environments are managed at very high fertility 
levels to ensure maximum yield potential.  Consequently, it is important to understand the seed 
composition changes in response to high phosphorus and potassium fertility.   
 
 
5 
 
 
 
 
Seed composition effects on seed viability 
Changes in seed composition can affect seed germination and vigor in corn (Zea mays L.) 
and soybean.  Munamava et al. (2004) investigated the effect of seed composition and growing 
environment on corn seed germination and vigor, and concluded that inbred lines with higher 
protein content had higher seed vigor, regardless of the oil content of the seed.  The authors also 
found that seed vigor levels were influenced by the production environment.  Consequently, 
changes in seed composition due to enhanced soil fertility may affect seed germination and vigor. 
LeVan et al. (2008) investigated the influence of soybean seed composition and moisture 
content on germination and imbibitional injury in the laboratory.  Seed imbibitional injury is caused 
by a rapid imbibition of water in dry seeds.  The authors found that as protein levels in the seed 
increased, germination levels decreased regardless of the moisture content of the seed indicating a 
positive relationship between protein content and level of imbibitional injury.  In soybeans, seeds 
that contained higher oil percentages also had lower incidence of imbibitional injury and 
consequently higher germination percentage but the results were different in different years of seed 
production. LeVan et al. (2008) concluded that germination in the laboratory was affected by seed 
composition and that the levels of different fatty acids profiles in the seed should be further 
explored. 
Phosphorus and potassium fertilization effects on long-term storability 
Lipid-rich seeds (soybean) cannot be stored for long periods of time (Priestly, 1986), because 
aged soybean seeds have higher levels of lipid peroxidation and decreased activity of radical- and 
peroxide-scavenging enzymes (Sung and Chiu, 1995).  Soybean seed is shipped from the seed 
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conditioning plant to dealers’ warehouses early in the year.  These warehouses do not have 
temperature and humidity control and, consequently, they are less than ideal for maintaining high 
seed quality for long periods of time (Harrington, 1959; 1972).  For this reason, seed companies 
have traditionally sold any excess untreated seed returned from dealer warehouses in the 
commodity market.  Farmer demand for soybean seed treated with fungicide and insecticide has 
increased dramatically (Munkvold, 2009), thus increasing the company’s inventory of treated seed.  
Unused treated-seeds returned to the company by the farmer can no longer be sold in the 
commodity market, and the seed company must pay a third party to dispose of these seeds in an 
environmentally safe manner. Consequently, seed companies have expressed an interest in re-
conditioning seed returned from the dealers with the goal of selling it for planting in the next 
growing season (Chuck Hansen, personal communication).  
 As seeds age, they lose germination capability and become more sensitive to stress during 
germination (Walters, 1998).   Seeds from species that contain higher lipid contents (soybean) may 
age at a faster rate when compared with seeds containing higher levels of starch (Walters, 1998). 
There is little information reported in the literature on the effects of these less-than-ideal storage 
environments on the germination of soybean seed.  Most of the information currently available 
describes better methods to evaluate seed vigor and germination, and proper storage environments 
for long-term storage of seed.  
Seed vigor tests 
 AOSA (1983) defines seed vigor as: “those seed properties which determine the potential for 
rapid uniform emergence and development of normal seedlings under a wide range of field 
conditions.”  Loss of seed vigor precedes loss in seed viability, suggesting that the use of vigor test 
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data will serve as a better measure of long-term storability of seed lots (McDonald, 1975).    In a 
review of seed quality assessment techniques, McDonald (1998) stated that the standard 
germination test did not consistently predict field performance of the seed lot. The author indicated 
that the loss of seed vigor was partially caused by the decline of “germination specific” proteins 
during aging and the breakdown of lipids (fatty acids) during storage due to the molecular-level 
attack by free-radicals.   
 Johnson and Wax (1978) compared the results of the standard germination test, cold test, 
accelerated aging test, and tetrazolium test with field emergence of soybean seed lots.   They 
concluded that it was impossible to develop a single test to determine seedling vigor in the field due 
to the wide range of field conditions a germinating seed may encounter.  They found that as 
seedbed conditions improved all four tests accurately predicted field emergence.   As seedbed 
quality deteriorated, the cold test most accurately predicted field emergence.  The accelerated aging 
test was also highly correlated with field performance some years, but not others.    
Parrish and Leopold (1978) used the accelerated aging test on soybean seed lots to measure 
changes in seed vigor with increased aging time.  Seed germination declined after 4 days of aging 
and seeds were dead after 7 days of aging.  The growth of the embryo axis also declined after only 3 
days of aging.  As aging time increased, the authors observed a decline in O2 consumption by the 
germinating seed and, after 7 days, seed respiration was less than half of the control rate.  Parrish 
and Leopold (1978) concluded that the cotyledons of seeds subjected to accelerated aging had 
lower early respiration rate, higher electrolyte leakage and lower dry-weight.  These results 
indicated that membrane systems deteriorated within aged seed and that their cell membranes lost 
the ability to reorganize during imbibition (Parrish and Leopold, 1978). 
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The accelerated aging test and the electrical conductivity test are commonly used for testing 
seed vigor in soybeans.  The accelerated aging test quantifies the change in germination percentage 
of a seed lot after undergoing adverse conditions of high humidity and temperature. The electrical 
conductivity test determines seed quality indirectly by measuring the amount of exudates leaking 
from the seeds into deionized water (AOSA, 1983). Low-quality seeds leak more exudates than high-
quality seeds during the first hours of imbibition (McDonald, 1998).  This test is indirect measure of 
seed quality because it measures changes in electrical conductivity (resistance) of the solution 
surrounding the seed.  Edje and Burris (1970) showed that seeds became “leaky” as they aged due 
to increased permeability of membranes and the seed coat after rehydration.  Increased 
permeability of the membranes resulted in leakage of solutes into the water and lower resistance 
values in the steep water.  Powell (1986) found that seed leakage during imbibition was influenced 
by stage of seed maturation, degree of seed aging, and incidence of imbibitional damage. 
 Biochemical changes within the seed during storage affected seed storability (Smith and 
Berjak, 1995).  Buchvarov and Gantcheff (1984) used electron spin resonance techniques to 
investigate the levels of free radicals in embryonic axes and cotyledons of soybeans naturally aged 
and artificially aged by using accelerated aging.  They found that after 6 days of accelerated aging, 
germination levels were equal to those of naturally aged seeds stored at room temperature for 4 
years.  The findings of Buchvarov and Gantcheff (1984) were in contrast to work done by Priestly et 
al. (1980) because they did not observe leakage of free radicals in cotyledonary material.  Buchvarov 
and Gantcheff (1984) attributed this contradiction to differences in water content of the tissues 
(embryonic axis, cotyledons) used in their experiment.   Buchvarov and Gantcheff (1984) concluded 
that lipid peroxidation may play an important role in aging of seed axes, even though it may be of 
little significance in the cotyledons.  Ching and Schoolcraft (1968) also showed that an increase in 
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enzyme activity, such as proteases, phytase, and phosphates, increased the permeability of the 
membranes, amino acids, and inorganic phosphate in aged seeds.  They concluded that the loss of 
viability and vigor in aged seeds, however, was associated with the depletion of their food reserve. 
Storage Conditions 
 Maximum seed quality coincides with the developmental stage of physiological maturity.    
Physiological maturity is the point at which the seed has its highest seed dry weight, and also 
corresponds to its highest viability and vigor. All seeds on a plant do not mature synchronously; 
some seeds reach physiological maturity earlier than others.  A seed producer must determine the 
best harvest time to ensure the majority of the seeds within a seed lot are physiologically mature.  
Harrington (1972) indicated that immature seeds had a shorter longevity in storage than fully 
mature seeds, thus making them less desirable.  He also showed that seed lots deteriorated at 
different rates depending on the surrounding storage environment.   
 The two most important environmental factors that influence seed deterioration in storage 
are the relative humidity and the temperature of the air in the storage environment.  Relative 
humidity determines the seed moisture content and temperature affects the rate of biochemical 
processes in the seed.  Harrington’s rules of thumb for minimizing seed deterioration in storage are: 
for each 1% decrease in seed moisture content, the life of the seed is doubled; for each 10O F 
decrease in storage temperature, the life of the seed is doubled (Harrington, 1972).  Harrington’s 
third rule of thumb states that the sum of temperature in degrees Fahrenheit and relative humidity 
in percentage values should not exceed 100; and seeds should not be stored in temperatures above 
50O F (Harrington, 1959). Harrington (1972) also showed that other environmental factors can affect 
seed deterioration in storage.  High levels of O2 in the storage environment decreased longevity of a 
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seed lot, while high levels of CO2 or N2 decelerated the seed deterioration process.  Seeds exposed to 
ultraviolet light in storage also had decreased seed longevity (Harrington, 1972). 
 Seeds are hygroscopic and seed moisture content changes until it equilibrates with the 
relative humidity of the atmosphere around them.  Furthermore, seeds of different species stored at 
the same relative humidity can reach different equilibrium moisture contents. For example, seeds 
with higher oil contents (soybeans) equilibrate at lower moisture contents than seeds that are high 
in protein or starch (Harrington, 1972). Vertucci and Roos (1990) confirmed that seeds with higher 
lipid contents had lower respiration thresholds and lower moisture contents than seeds with higher 
starch contents when stored in optimum conditions.  The authors also suggested that values set for 
optimum storage based solely on seed moisture content (Ellis and Roberts, 1980) were arbitrary and 
that recommendations for long-term seed storage should be made based on the relative humidity of 
the environment in which the seeds were equilibrated.  The authors explained that seeds of 
different species have different optimum moisture levels when the value is expressed in seed water 
content, but optimum storage conditions are similar for all species if the moisture level is described 
in terms of relative humidity.   
Harrington (1972) concluded that the life of a seed in storage followed a sigmoid curve and, 
although the duration of each section of the curve may vary in length, all seeds followed the same 
curve regardless of the storage environment.  The author defined the first deterioration stage of an 
individual seed as the moment when the rate of growth of the germinating seedling decreases.  In 
the second stage, seed germination was negatively affected by stressful environmental conditions 
and seedling abnormalities within the seed lot increased.  Other seedling changes at this stage of 
seed deterioration were greater susceptibility to microorganism attacks, decreased radicle length, 
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and cotyledons that failed to break out of the seed coat.  The seed was considered dead when the 
cotyledons no longer had any growth outside from the seed coat.  Even though the seed had no 
apparent life, degradation at the cellular level still occurred within the seed (Harrington, 1972). 
Delouche and Caldwell (1960) developed a model to help identify the relationship between 
seed viability and vigor.  The authors indicated that the curvature of the decline in seed viability and 
seed vigor differed as a seed lot aged.  The viability curve followed a quadratic curvature while seed 
vigor followed a sigmoid curve.  Delouche and Caldwell (1960) also suggested that the values of seed 
vigor decreased more rapidly than seed viability, and that seed vigor tests should be developed to 
quantify the difference in the area between these two curves. 
Behavior of soybean seed in storage 
 Oil is one of the major energy sources stored in soybeans and makes up approximately 20% 
of the seed reserve.  Nagel and Borner (2010) conducted a long-term storage study including 18 
species of seeds stored at ambient conditions (20.30 C and 50.5% RH).  They found a strong negative 
relationship between oil content and absolute seed longevity (the length of the storage period until 
the last year of any seed germination of the seed lot).  The standard germination percentage of all 
seed species remained high for the first 2 years after harvest.  However, seeds in which oil was the 
main storage compound lost viability more quickly than seeds with high carbohydrate or protein 
content (Nagel and Borner, 2010). 
Occasionally, the germination percentage of freshly harvested soybean seeds increased 
after the initial storage period (Houston, 1973).  Moore and Roos (1982) also observed that 
occasionally an increase in seed germination occurred in low moisture content seeds after the first 
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2-3 months of storage in a high relative humidity environment.  The authors suggested three 
explanations for this phenomenon.  First, the rapid uptake of water by extremely dry seed tissues 
could have damaged cell membranes and resulted in decreased germination.  The seed stored in the 
high moisture environments could increase moisture content slowly thus decreasing cell membrane 
damage.  Second, random variation within the seed lot may have made the second set of tests 
abnormally high.  Third, many seeds, particularly freshly harvested seeds, are dormant and may 
gradually lose dormancy during storage.  The authors indicated that seed dormancy could be the 
most significant factor contributing to the increase in germination (Moore and Roos, 1982). 
Use of vigor tests and equations to predict storability 
 The accelerated aging test was originally developed to estimate seed storability (Baskin and 
Delouche, 1973).   The first prediction equation for soybean seed germination under warehouse 
storage conditions was developed by Ellis and Roberts (1980).  TeKrony et al. (1993) reevaluated this 
model for accuracy and modified it to improve prediction of the decline in germination during seed 
storage.  The authors concluded that the model accurately predicted germination (within 10%) for 
15 of the 17 seed lots tested following the first 4 months of storage.  However, it failed to predict 
germination of seed lots with higher levels of mechanical damage.  After 16 months of storage, the 
model accurately predicted germination in 16 of the 17 seed lots, but failed to predict germination 
of the seed lots with the highest percentages of mechanical damage.  When the two seed lots with 
high levels of mechanical damage were excluded from the data set, a linear relationship existed 
between the predicted and measured germination percentages.  The authors indicated that the 
model repeatedly overestimated the initial germination for damaged seed lots, and concluded that 
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the model was capable of predicting the physiological deterioration of high quality, uninjured 
soybeans seed lots stored in warehouse conditions (Tekrony et al., 1993). 
 Fabrizius et al. (1999) completed a study to improve the predictive capability of the viability 
equation developed by Ellis and Roberts (1980).  The authors used the accelerated aging test to 
estimate Ki , which is the value representing the initial seed quality of the lot in the equation, and 
evaluated the ability of the equation to predict germination of seed lots under warehouse 
conditions during extended storage (> 2 years).  The authors tested the three assumptions outlined 
in the original model; which were that seed survival curves had a symmetrical sigmoid shape that 
could be described by a negative cumulative normal distribution; all seed lots of the species 
deteriorated at the same rate if exposed to identical storage conditions ; and that relationships 
describing temperature and moisture effects on seed deterioration were specific to each crop 
species and not influenced by genotype or seed lot (Ellis et al., 1982). 
Fabrizius et al. (1999) concluded that the prediction model developed by Ellis and Roberts 
(1980) was accurate (within 10 %) for predicting germination of seed lots after one year of storage.  
However, little germination decline (germination was still > 90%) was observed over the one-year 
time period.  As the study progressed and seed germination levels dropped below 80% after 2 years 
of storage, the model did not predict germination accurately.  Tang et al. (1999) conducted tests to 
validate the assumptions of the Ellis and Roberts (1980) equation on hybrid corn seed and found 
that genotype and initial seed quality affected the rate of seed deterioration.  The rate of seed 
deterioration was strongly influenced by the storage environment (storage temperature and seed 
moisture). 
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Egli and Tekrony (1995) completed a 10-year study investigating the relationship between 
soybean seed germination, vigor, and field emergence.  The study comprised a large data set in 
order to accurately identify standard germination and accelerated aging test values that would 
indicate adequate field emergence.  The authors found that with a field emergence index (mean 
field emergence/mean standard germination) > 80, field emergence could be predicted using 
standard germination and accelerated aging tests.  This study concluded that planting soybean seed 
with an accelerated aging value > 80% or a standard germination value > 95% will ensure adequate 
emergence in many field environments. 
 These studies provide an insight on ideal storage environments and describe some of the 
changes that occur in seeds in less than ideal storage conditions.  However, they do not take into 
account the wide ranges of temperature and relative humidity in the warehouse of seed dealers and 
producers.  To our knowledge, the levels of seed deterioration in seed lots exposed to short periods 
of poor storage conditions and the rate of deterioration of these lots after returning to controlled 
storage have not been quantified.  Filling this knowledge breach is essential for resolving supply 
management issues currently facing seed companies and producers, and to determine if treated 
soybean seed can be re-conditioned.  
Thesis Organization 
This thesis includes two manuscripts that were written according to current publication 
requirements for scientific journals.  Chapter 2 presents a manuscript to be submitted to Crop 
Science demonstrating the effects of phosphorus and potassium fertilization on soybean seed 
quality and composition.  Chapter 3 presents a manuscript to be submitted to Agronomy Journal 
investigating the potential for soybean seed re-conditioning and for identifying the effect of 
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phosphorus and potassium fertilization on soybean seed deterioration rate.  References for each 
chapter as well as the general introduction are cited separately. Following chapter 3, a general 
conclusion is presented.  
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CHAPTER 2. PHOSPHORUS AND POTASSIUM FERTILIZATION EFFECTS ON SOYBEAN SEED QUALITY 
AND COMPOSITION 
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Abstract 
 The effects of phosphorus and potassium fertilization on soybean [Glycine max L. (Merr.)] 
grain composition are unclear.  Fertilization rate and placement method can have a positive effect 
on yield and composition in some growing locations and years.  As the cost of soybean seed 
production increases, seed companies are interested in improving seed quality of soybeans possibly 
through increased soil fertilization.  Seed quality in this study is defined as seed viability, vigor, and 
composition, as well as the proportion of different fatty acids in the seed.   The objectives were to 
determine the effect of different levels of phosphorus and potassium fertilization on soybean seed 
quality.  Seed samples were obtained from a long-term phosphorus and potassium fertilization trial.  
Phosphorus and potassium treatments were combinations of four fertilization rates (0, 31, 63, 123 
P2O5/ 0, 39, 78, 164 K2O) and two placement methods (broadcast, side band).   Results indicated that 
phosphorus and potassium fertility levels above optimum decreased seed quality.  Seed composition 
changed across site and treatment method, but changes were generally small and inconsistent.  
Linolenic acid concentrations increased with above-optimum phosphorus and potassium 
fertilization, while linoleic acid concentrations increased only with phosphorus.  These results 
indicated that positive seed quality and composition responses to soil fertility levels above optimum 
are unlikely. 
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Introduction 
 Soybean [Glycine max L. (Merr.)] seed prices have increased steadily for the past few years 
(USDA-NASS, 2007).  As these seed production costs increase, seed producers become interested in 
identifying agronomic practices that could potentially enhance seed quality (seed germination and 
vigor).  Many studies have investigated the effects of phosphorus fertilization on yield but results 
are inconsistent.  The application of phosphorus fertilizers can result in grain yield increases in no-till 
systems, regardless of the fertilizer placement method used.  These positive results are observed 
frequently in soils with low P-test (Borges and Mallarino, 2000, 2003; Haq and Mallarino, 2005).  
Buah et al. (2000) and Seguin and Zheng (2006) indicated that banded application of phosphorus 
fertilizer does not increase yield when soil P-test is at the optimum, high, or very high range.   
The application of potassium fertilizer is also associated with small increases in total seed 
yield in no-till systems (Borges and Mallarino, 2000, 2003; Haq and Mallarino, 2005; Jeffers et al., 
1982).  However, the yield increase is independent of the fertilizer placement method used.  
Similarly to phosphorus fertility studies, the banded-application of potassium fertilizer does not 
increase grain yield in soil with optimum, high, or very high K-test levels (Buah et al., 2000; Yin and 
Vyn, 2002).  These studies indicate that phosphorus and potassium fertility levels above “optimum” 
do not result in a yield penalty for seed producers.  
 Few studies have identified the influence of phosphorus and potassium fertilization on seed 
quality (Copeland and McDonald, 1995).  Harrington (1960)  reported that plants grown in 
phosphorus deficient conditions produced fewer total seeds, but that the resulting seeds had similar 
seed germination percentages as those grown under normal conditions (Harrington, 1960). The 
author also reported that seeds from plants grown in potassium deficient conditions had higher 
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percentages of abnormal seedlings.  Jeffers et al. (1982) found that potassium fertilization almost 
always decreased seed pathogen levels and occasionally increased seed germination. To our 
knowledge, there is little work published in the literature on the effects of above adequate 
phosphorus and potassium fertility levels on soybean seed germination and vigor. 
 The United States domestically consumes approximately 52% of the soybeans produced 
annually, and exports around 44% (USDA-WADSE, 2011).  The majority of domestic soybean 
consumption and exports are used for human and animal consumption or are crushed for seed oil 
production (UDA-WADSE, 2011).  Grain composition and seed composition are very important traits 
for seed producers to manage because many processors pay higher prices for seed lots with more 
desirable seed composition characteristics.   Seed composition is influenced by the environment 
where seeds are grown (Carver et al., 1986; Dornbos and Mullen, 1992; Haq and Mallarino, 2005; 
Maestri et al., 1998; Piper and Boote, 1999; Thomas et al., 2003).  
Seed composition can be defined as the concentration of starch, protein and oil, as well as 
the proportion of different fatty acids in soybean oil.  Seed composition can change in response to 
phosphorus fertilization, although these changes are moderate and inconsistent (Gaydou and 
Arrivets, 1983; Haq and Mallarino, 2005; Seguin and Zheng, 2006).  The use of potassium fertilization 
has produced small increases in soybean seed oil concentrations (< 2%) (Yin and Vyn, 2003; Vyn et 
al., 2002; Gaydou and Arrivets, 1983; Sale and Campbell, 1986), and small decreases in seed protein 
concentrations (< 4%) (Yin and Vyn, 2003; Gaydou and Arrivets, 1983; Sale and Campbell, 1986).  
Potassium fertilization also has changed the proportion of different fatty acids in the oils of soybean 
seed (Gaydou and Arrivets, 1983).  These changes in seed composition can affect seed germination 
and vigor (LeVan et al., 2008).  In a soybean germination study where seed lots with different seed 
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moisture contents and compositions were tested, seed germination percentages decreased as seed 
protein content increased.  These changes occurred regardless of moisture content, and the 
relationship between soybean seed oil content and germination percentage were not consistent 
across both years of the study (LeVan et al., 2008).  
  The biology of phosphorus in the plant and the relationship between phosphorus uptake 
and translocation are not well understood.  Cassman et al. (1981) found that total seed phosphorus 
content increased as phosphorus fertility levels in the soil increased.  However, most studies failed 
to measure and report the differences in total seed phosphorus concentrations that occurred with 
varying levels of fertilization.    Understanding this relationship is extremely important because 
many of the production areas in which these seeds are grown tend to have high levels of available 
phosphorus (Sims et al., 2000). The relationship between phosphorus levels in the soil and seed 
compositions and phosphorus concentrations also is important for some of today’s resource-limited 
soybean production system.  Raghothama (1999) indicated that the prevalence of low phosphorus-
containing soils in many production environments in the developing world also makes 
understanding seed deposition of soil phosphorus an important goal for improving international 
agriculture.   
 The objectives of this study were to determine the effect of different levels of phosphorus 
and potassium fertilization on seed quality as defined by seed germination and vigor, and seed 
composition (seed protein, seed oil, and fatty acid profiles of the oils). 
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Materials and Methods 
The seed for this study was obtained from long-term trials established in 1994 at Iowa State 
University research farms.  Five farms were included in this study, northeast (NERF), northern 
(NIRF), northwest (NWRF), southeast (SERF), and southwest (SWRF).  The cropping system used in 
the experiment was a continuous no-till corn-soybean rotation.  The soybean plots were planted 
into corn residue in a randomized complete block design with three replications. The seed was 
produced in the 2009 and 2010 growing seasons.  Soybean cultivars and planting dates were chosen 
based on the best recommendation for each particular farm to represent farmer’s practices in the 
areas of the study.  Crop management practices (except phosphorus and potassium fertilization) 
varied among locations depending on the requirements for each specific region.  Row spacing was 
0.76 m and plot length measured 18 m in length and 4.5 or 6.0 m in width.  Summarized information 
about management practices is shown in Table 1. 
The treatment methods were combinations of four fertilization rates and two placement 
methods.  The two placement methods used were broadcast (B) fertilization applied by hand in the 
spring of the year, and side bands (S) applied with the planter in a 25mm-wide band placed 5 cm to 
the side and 5 cm below the seeds. Fertilization rates (designated 0, 1, 2, and 3) were 0, 31, 63, 123 
P2O5 kg/ha of phosphorus fertilizer, and 0, 39, 78, 164 K2O kg/ha potassium fertilizer, respectively.  
The treatments were applied each year; thus the treatment effects were a result of fresh fertilizer 
applications plus any residual effect from previous applications. The highest phosphorus and 
potassium rates (B3) began in 2002 and were applied to plots that had received 63 kg P2O5/ha or 28 
kg K2O/ha since 1994.   Seed was harvested from a central area of each plot (15m length of either 3 
or 5 rows) with a plot combine.  
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Soil sampling and analyses 
Soil samples were collected after harvest in the fall of the year prior to the growing season 
when data was collected.  The soil sample for each plot (15-cm in depth)was comprised of 12-16 
cores (2 cm in dia.).  After they were collected, the samples were dried at 35-45O C and crushed to 
pass through a 2mm sieve.  Phosphorus fertility levels were measured using the Bray-P1 for 
phosphorus test (Frank et al., 1998), and potassium concentrations were measured from the 
ammonium acetate test for potassium (Warncke and Brown, 1998).  Soil samples were only 
collected from the plots that received each level of broadcast fertilization each season because of 
budget constraints that prevented all plots in the study from being tested.   Previous findings from 
similar studies indicate that soil-test phosphorus and potassium values are not influenced by these 
placement methods for samples taken from a 15-cm depth (Borges and Mallarino, 2000; Haq and 
Mallarino, 2005).   Iowa State University soil test interpretation classes (Sawyer et al., 2002) were 
used to describe the fertility levels of the plots in this study.  The phosphorus soil test classes and 
potassium soil test classes were Very Low, Low, Optimum, High, and Very High, corresponding to 8, 
16, 20, and 30 mg P kg-1, and 90, 130, 170, and 200 mg K kg-1, respectively.  Soil type and average 
initial soil fertility levels for each site prior to treatment for plots from the broadcast-application 
treatment are listed in Table 2. 
Seed quality and composition analyses 
 Initial seed quality data were obtained using the standard germination tests [Association of 
Official Seed Analysts (AOSA), 2009] and accelerated aging tests (AOSA, 1983). Field replications 
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were used throughout the experiment as replications.  Germination tests were conducted by placing 
100 seeds per replication on crepe cellulose paper moistened with 840 ml of water (Kimberly Clark, 
Neenah, WI) on a fiberglass tray (45 cm x 66 cm x 2.54 cm).  Water was allowed to permeate the 
moistened crepe cellulose paper medium for a minimum of 1-hour before planting the seed.  After 
planting, samples were placed in a walk-in germination chamber held at constant temperature (25O 
C) with alternating light cycles (4-h on, 4-h off) for a total of 12-h light per day for 7 days.  
Accelerated aging tests were conducted by placing 100 seeds per replication on a screen inside 10 x 
10 x 4 cm accelerated aging boxes (Hoffman Manufacturing Company, Albany, OR), and 40 mL of 
distilled water were added to the bottom of the box.  The boxes were placed in an AA chamber 
(VWR Scientific, Chicago, IL) at 41o C for 72 hours.  Immediately after the aging period, seeds were 
planted on crepe cellulose paper prepared similarly to the germination tests but were covered with 
2.5 cm of sand after planting.  The planted trays were then placed in a walk-in germination chamber 
held at constant temperature (25O C) and alternating light cycles (4-h on, 4-h off) for a total of 12-h 
light per day for 7 days. 
  The seed composition data were obtained as follows.  Total seed phosphorus and 
potassium data were obtained from all seed lots from the 2010 growing season; and from the 
potassium treatments (total seed potassium data only) and the phosphorus treatments (total seed 
phosphorus data only) in 2009.  The samples were analyzed by drying the samples at 65 °C in a 
forced-air oven, and were ground to flour particle size in a flour mill (Magic Mill III+, Division of SSI, 
Salt Lake City, UT).  Phosphorus and potassium contents were then measured by digesting samples 
in concentrated perchloric and nitric acids following AOAC Method 985.01 (Horwutz, 2000) and 
measuring P and K concentrations by inductively coupled plasma mass spectrometry.   Total oil and 
protein composition data were obtained by analyzing a 100-gram sample per field replication using 
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a FOSS-Infratec 1229 model near-infrared spectroscopy machine (FOSS NIRSystems, Inc, Laurel, 
MD).  Iowa State University Grain Quality Lab-developed models were used to predict the protein 
and oil concentrations from the near-infrared spectroscopy data.  These models were described by 
Rippke et al. (1996) and made into a standard method of the American Association of Cereal 
Chemistry (1999).  Data were adjusted to 13% moisture content and multiplied by 10 to obtain 
grams per kilogram. 
Fatty acid profile analysis was conducted on a 5-seed bulk sample from each replication 
using an Agilent 7890A model gas chromatograph (Agilent Technologies, Inc, Santa Clara, CA) 
according to methods of Hammond and Fehr (1984) and Hammond (1991).  Seeds were crushed and 
then the lipid proportions of the crushed seeds were extracted overnight with hexane.  The 
extracted samples were trans-esterified in an HCl solution.  Fatty acids in the soybean oil were 
converted to fatty esters and recorded by the gas chromatograph.  These fatty ester data were 
converted to percentages of the total fatty acids and multiplied by 10 to obtain grams per kilogram.   
Statistical Analysis 
 All data were analyzed using the MIXED procedure of SAS (Littell et al., 1996).  The analysis 
of variance estimation was calculated using the restricted maximum likelihood method after testing 
the data for normality and homozygous error variances.  All factors in the model were considered 
fixed except blocks which were random.   Mean comparisons were made using Fisher’s protected 
LSD test (P < 0.05). 
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Results and Discussion 
Phosphorus fertilization effects on seed quality  
Standard germination and accelerated aging test percentages varied in response to 
phosphorus fertilization across sites and treatments and significant site x treatment interactions 
occurred for seed viability and seed vigor (Table 3).  The standard germination test values were 
significantly different at sites 3, 4, 5, and 7 (Table 4). Seed germination percentages were highest or 
close to highest when the phosphorus fertility level was lowest (P0).   The germination percentage of 
seed lots from treatment B3 was lower than the P0 control at sites 3, 4, and 5.  At site 7, seed lots 
from treatment S1 had the lowest seed germination percentage, and were statistically lower than 
treatment P0 which had the highest seed germination percentage.  High levels of phosphorus 
fertility did not improve soybean seed germination, and had a negative effect on germination at 
some production sites.   
Many of the sites where seed lots from plots with high phosphorus fertilization (3, 4, and 7) 
had significantly lower germination percentage had the highest total precipitation during the 
growing season.   Large quantities of precipitation during the growing season produced an 
environment conducive to higher levels of fungal seed-borne pathogen loads (Copeland and 
McDonald, 1995).  Higher levels of pathogen growth were observed in the standard germination test 
on seed lots grown in plots with higher phosphorus treatments (data not shown).  Lott et al. (1995) 
suggested that higher phosphorus concentrations in the seed may result in more phosphorus 
leakage during germination and higher pathogen loads, but their relationship was unclear.  Seeds 
with poor membrane integrity also leaked extensively during germination tests and were more likely 
to be killed by fungus, because the leaked assimilates provide a food source for seed-borne fungi 
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(Simon and Raja Harun, 1972).  Further research should be completed to compare differences in 
germination values of seed lots where seed leakage levels and pathogen loads can be quantified to 
determine if increased seed leakage due to fertilization provides an improved environment for 
pathogen growth. 
The accelerated aging test percentage for treatment B3 was significantly lower than all 
other treatments at sites 2, 3, 4, 6, and 7, while treatments B2 and S2 were significantly lower at site 
1.  At site 2, the accelerated aging test percentages of all treatments were significantly lower than 
the control.  These results seem to indicate that high levels of phosphorus fertility negatively impact 
soybean seed vigor in many production environments.  The increases in seed leakage in response to 
increased levels of phosphorus described by Lott et al. (1995) could help explain these results 
because seeds with poor membrane integrity are less vigorous (Heydecker, 1972).   
The lower seed germination and seed vigor levels observed seem to indicate that high levels 
of phosphorus fertilization can negatively impact seed quality.  These results are of particular 
importance for seed producers because many of the environments where soybean seeds are 
produced tend to have high levels of available phosphorus (Sims et al., 2000). 
Potassium fertilization effects on seed quality 
Seed germination and accelerated aging percentages were inconsistent across both, site and 
potassium fertilization level (Table 3).  Significant site x treatment effects were observed for seed 
germination and seed vigor (Table 3).  Significant differences in germination percentage were 
observed at site 3, 5, and 6 (Table 5).  At site 3, seeds from the plots with broadcast treatments had 
lower germination percentages, and treatment B3 had the lowest germination percentage of all 
31 
 
 
 
 
treatments.  At site 5, treatment B2 had significantly lower levels of seed viability than treatment 
B3.  Seed lots from treatment B3 at site 6 had lower seed germination values than all other 
treatments.  These results indicate that levels of potassium fertilization above the optimum also can 
have a negative effect on seed germination.   
Seed lots grown on plots with higher levels of potassium fertilizer had higher accelerated 
aging percentages at some sites and were lower at others.   One interesting case was seed lots 
grown in plots from treatment B3, had higher accelerated aging percentage at site 1 but lower  at 
sites 3, 4, 6 and 7.  Similarly, seeds produced with lower levels of potassium fertilization at site 5 had 
higher accelerated aging percentages than seeds produced with higher levels of potassium fertilizer.  
These inconsistent results seem to indicate a strong interaction between soil composition, weather 
conditions and soybean variety.  
These results suggest that excessive levels of potassium fertilization could also be associated 
with lower seed quality although the response is not as well defined as the response to phosphorus 
fertilization.  Lott et al. (1995) indicated that significant amounts of potassium are leaked during 
imbibition which increased seed death due to pathogens.  Potassium uptake is limited in 
environments with low rainfall (Troeh and Thompson, 2005), which may explain why sites 1 and 2 
did not have significant seed quality differences due to potassium fertilization. Sites 1 and 2 received 
well below average rainfall for the area during the growing season.  Similarly to phosphorus effects 
on seed viability and vigor, further work should also be undertaken to quantify the level of 
potassium fertility that caused a decrease in seed vigor, and also to confirm that the increased 
leakage of seeds produced under high potassium fertility causes higher seed-borne pathogen loads.   
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Phosphorus fertilization effects on seed composition 
Seed composition tests varied across site and treatment, and site x treatment interactions 
were significant for seed phosphorus concentration, total oil, palmitic, and linolenic fatty acid 
content (Table 6).  There were significant seed phosphorus concentration changes in response to 
phosphorus fertilization at all sites (Table 8).  Total seed phosphorus concentration was lowest in 
the control plots at every site.  All treatments at sites 1, 2, 3, 6, and 7 had significantly higher seed 
phosphorus concentrations than the control.  Treatments B1, B2, B3, and S2 significantly increased 
seed phosphorus concentrations over the control at site 4.  However, at site 5 only seeds from 
treatment S1 had significantly higher seed phosphorus concentrations than the control.  These 
findings agree with previous work completed by Soliman and Farah (1985) who found that seed 
phosphorus concentrations were highly correlated with phosphorus fertilizer application.  Seed 
potassium concentrations also varied in response to site and phosphorus fertilization treatment, but 
the interactions among all factors were not significant.  Seed lots from treatments B2, B3, S1, and, 
S2 had higher seed potassium concentrations than the control (Table 7), confirming observations 
that a relationship may exist between phosphorus fertility levels and seed potassium concentration 
(Hanway and Weber, 1971).   
Seed protein percentages were not significantly affected by phosphorus fertilization (Table 
7).  However, there were significant differences among sites.  Seed protein percentage at sites 3 to 7 
were higher than at sites 1 and 2. Sites 3 to 7 were harvested from the 2010 growing season which 
had higher amounts of total precipitation and more favorable growing conditions.  Maestri et al. 
(1998) found that protein concentrations were negatively correlated with total precipitation during 
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the growing season.  Consequently, the increase in protein concentration observed in this study is 
likely associated with differences in the cultivars planted.  
The effect of phosphorus fertilization on total seed oil content was inconclusive.  The 
treatments B3, S1, and S2 had an opposite effect for sites 3 and 4, producing seeds with higher oil 
content at site 3 but lower at site 4 and, to a lesser extent, at site 6 (Table 8).  Sites 3 and 4 were 
planted with the same cultivar in the 2010 growing season and were located in southern Iowa.  
These sites also received the largest amounts of total heat units and precipitation in the study.  The 
oil concentrations at site 3 and 4 were the highest of the study which supports prior findings that oil 
concentrations in soybean increase when seeds were grown in warmer environments (Maestri et al., 
1998).  These results are in agreement with Haq and Mallarino (2005) and Seguin and Zhen (2006) 
indicating that phosphorus fertilization may affect seed protein and oil concentrations, but that their 
relationship is not well understood.    
The gas chromatograph analysis showed different fatty acid profiles in response to 
phosphorus fertilization.  The steric and oleic acid levels in seeds were not affected by phosphorus 
level, but varied among sites (Table 7).  Palmitic acid levels responded inconsistently to phosphorus 
fertilization, and defined trends were not apparent (Table 8).  All variations in palmitic acid within 
sites were smaller than the total variation among sites indicating that genotype and environment 
may affect palmitic acid levels more than phosphorus fertility.   At least one rate of phosphorus 
fertilization increased linolenic acid concentrations in seeds at sites 2, 4, 6, and 7, but the rate of 
fertilizer that produced these higher levels of linolenic acid was different for each site.  Linoleic acid 
concentrations were affected by both, site and phosphorus fertilization, but no significant 
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interactions occurred.  Linoleic acid content of seed lots from treatment B3 was lower than all other 
treatments and the control. 
Our observations are in agreement with Gaydou and Arrivets (1983) and Israel et al. (2007) 
that also observed linoleic acid concentrations decreased in response to phosphorus fertilization.  
Our results also suggest that increased rates of phosphorus fertilization may cause an increase in 
soybean linolenic acid composition, but the response cannot be well understood from our study.  
Gaydou and Arrivets (1983) and Israel et al. (2007) observed an increase in oleic acid that was not 
observed in our study.  These results could be based in differences environmental conditions and 
cultivar characteristics in these studies.  Gaydou and Arrivets (1983) completed their study in 
Madagascar where the climate is tropical, and Israel et al. (2007) completed their study in Georgia, 
U.S.A. in a humid subtropical climatic region, while our study was completed in a humid continental 
climatic region.  Tropical and subtropical regions have higher daytime and nighttime temperatures 
that have been shown to negatively impact seed quality (Egli et al., 2005; Spears et al., 1997).  
Higher temperatures can increase oleic acid concentrations in some oilseed crops (Canvin, 1965; 
Harris et al., 1980).  The differences in the results of these two experiments suggest that increases in 
oleic acid concentrations in response to phosphorus fertility may occur only in warmer climates or 
that cultivars developed for the region of our study respond differently to phosphorus fertilization. 
Further research needs to be completed in temperate growing regions to determine if oleic acid 
concentrations react differently to phosphorus fertilization in some environments. 
Linoleic acid concentrations decreased with increased levels of phosphorus fertilization.  
This information is very important to producers growing soybeans for human or animal 
consumption, especially if available phosphorus concentrations are above 60 mg P kg-1.  Linoleic acid 
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is a polyunsaturated fatty acid that is important in the diet because it cannot be synthesized by the 
body.  Lower levels of linoleic acid may reduce the marketable quality of the grain.    
Higher linolenic acid concentrations in response to phosphorus fertilization also decrease 
seed quality.  Linolenic acid concentrations are important because breeders have invested time and 
effort to reduce the concentration of linolenic acid in soybeans to create higher value cooking oil 
with improved health and stability traits (Hammond and Fehr, 1983; Ross et al., 2000; Shen et al., 
1997).  Further studies should investigate the effects of phosphorus fertilization on linolenic and 
linolenic acid concentrations of cultivars selected with altered fatty acid concentrations. 
 Many soybean production environments have high levels of phosphorus fertility (Sims et al., 
2000).  These results suggest that phosphorus fertility levels should be monitored in breeding 
nurseries to avoid the loss of seed quality traits due to phosphorus over-fertilization.  Plant breeders 
test cultivars developed with altered fatty acid compositions for trait stability across multiple 
production environments (Brace et al., 2011; Schnebly and Fehr, 2993; Walker et al., 2008).  
However, these authors failed to report phosphorus fertility levels of the plots on which the seeds 
were produced.  Phosphorus fertility could also be a problem in seed production fields.  When seed 
producers multiply cultivars for sale, they apply high levels of fertilizer for maximizing seed yield.  
Seed companies do not routinely test seed lots for fatty acid composition before selling the seed 
lots,  Consequently, high levels of phosphorus fertility could induce changes in seed composition 
that might persist if the seeds are planted in environments similar to where they were produced. 
This problem is especially important for the production of low linolenic or high linoleic seed.  This 
problem could also affect the fatty acid levels in soybeans grown for grain.  If grain producers have 
high levels of phosphorus fertility in their fields (i.e. manure application), unwanted changes in grain 
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quality may occur.    Studies need to be conducted to determine if seed lots with altered fatty acid 
compositions in response to high fertility exhibit typical fatty acid compositions in the following 
generation when grown in lower fertility environments. 
Potassium fertilization effects on seed composition 
Seed composition varied across site and potassium fertilization treatment.   Significant site x 
treatment interactions occurred for seed potassium concentration, palmitic, oleic, and linoleic fatty 
acid concentrations (Table 6).  The level of potassium fertilization did not change the concentration 
of total seed phosphorus (Table 9), but significantly changed total seed potassium (Table 10).  Seed 
potassium concentrations increased with higher levels of potassium fertilization at sites 4, 5, and, 6.  
Seed lots from the K0 control treatment had significantly lower seed potassium concentrations than 
all other treatments at sites 5 and 6, and had significantly lower concentrations than treatments B2, 
B3, and S2 at site 4.  Treatments B2, B3, and S2 were not statistically different from each other at 
sites 4, 5, and 6.  Hanway and Weber (1971) observed that seed potassium concentrations reach a 
critical maximum where increases in potassium fertility in the soil do not cause positive increases in 
seed potassium concentration. Our results seem to support these findings but also suggest a strong 
seed cultivar and growing environment interaction. 
Although other authors have reported small increases in oil (<2%) and small decreases in 
protein (<4%) with potassium fertilization (Yin and Vyn, 2003; Vyn et al., 2002; Gaydou and Arrivets, 
1983; Sale and Campbell, 1986), the results from this study showed no significant changes in total 
seed oil and protein in response to potassium fertilization.  Some site-specific differences in protein 
content, however, were recorded at sites 5 (highest) and 1 and 2 (lowest) but these results could be 
attributed to cultivar differences.  Sites that had the highest protein contents (5 and 7), also had the 
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lowest oil contents which confirms reports that as seed protein levels increase seed oil levels 
decrease (Dornbos and Mullen, 1992; Gibson and Mullen, 1996; Piper and Boote, 1999). 
The gas chromatograph analysis indicated differences in fatty acid profiles due to potassium 
fertilization.  At site 2 seeds from treatment B3 had higher palmitic acid concentrations than 
treatments S1 and S2 and at site 5, treatment B3 increased palmitic acid concentrations (Table 10). 
No changes in palmitic acid concentration were observed at other sites.  Available potassium fertility 
levels at the beginning of the study at site 2 and 5 were similar to all other sites (Table 2).  Sites 2 
and 5 were planted with cultivars produced by the same seed company, indicating that palmitic acid 
concentration response to potassium fertilization may be dependent on genetics. Low to moderate 
levels of potassium fertilization increased oleic acid concentrations at some sites (Table 10).  The 
fertilizer treatment B1 produced seeds with higher oleic acid concentrations than at least one other 
treatment at sites 3, 4, 5, and 7, but concentrations were lower at site 6.  These results may indicate 
that an increase in potassium fertilization up to B1 can increase oleic acid concentrations, but the 
relationship is unclear. 
Linoleic acid concentration changed significantly in response to potassium fertilization at 
sites 4, 5, 6, and 7 (Table 10).  At site 4, the linoleic acid concentrations of seeds from treatment B2 
were higher than treatment B1.  The seed lots from treatment B3 had higher concentrations of 
linoleic acid than at least one treatment at sites 5 to 7.  Treatment B3 increased linoleic acid 
concentrations over the control at sites 5 and 6, and over treatment B1 at site 7.  Gaydou and 
Arrivets (1983) found that linoleic acid concentrations increased with higher levels of potassium 
fertility however the relationship was unclear in this study because a response only occurred at 
some sites.  
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One interesting finding from the fatty acid profile is that, linolenic acid concentrations were 
affected by site and treatment, but no significant interactions occurred (Table 9).  Potassium 
treatments B3 and S2 caused an increase in linolenic acid concentrations when compared to 
treatment B1 and the control (Table 9).  Similarly to phosphorus fertilization, the positive response 
of linolenic acid to higher potassium fertility levels could provide a challenge for breeders selecting 
lines for altered fatty acid composition and for producers growing grain for food-oil markets in areas 
that have available potassium fertility levels above optimum.  These findings also confirm the trend 
observed by Gaydou and Arrivets (1983) that indicated that as linolenic acid levels increased in 
response to potassium fertilization, oleic acid levels decreased.  Our results also confirm 
observations that linolenic and palmitic acid concentrations increased in response to potassium 
fertilization (Gaydou and Arrivets, 1983). 
Our findings that high levels of phosphorus and potassium fertility can alter the fatty acid 
profile of soybean oils are of particular importance to both grain producers and seed producers  
who need to ensure that they are not producing soybeans in a high fertility environment that is 
conducive to unwanted changes in  seed quality and composition characteristics.  If changes in seed 
composition in response to phosphorus or potassium fertilization go unnoticed, a producer may 
have seed lots that do not meet processor specifications.  The results from this study confirm 
previous reports that variation in soybean oil and protein concentrations are a result of complex 
environmental effects (Haq and Mallarino, 2005).   
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Conclusions 
High levels of phosphorus and potassium fertility in the soil can result in lower seed viability 
and vigor, possibly by increasing pathogen loads in seed lots.  This finding is of special importance in 
seed production fields because fertilizer applications are usually maximized to ensure maximum 
yield.   
The excess application of phosphorus and potassium increased linolenic acid concentrations.   
These findings are very important for breeders, seed producers, and grain producers who are 
developing and producing soybeans for low-linolenic soybean oil markets. 
The linoleic acid concentrations increased in response to phosphorus fertility.  Over-
fertilization with phosphorus could be used in soybean grain production as a strategy to increase 
polyunsaturated fatty acid concentrations and increase their nutritional values.   
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Table 1.  Site, year, location, cultivar, planting/harvesting dates, and climatic conditions, 2009-2010 
          
Site Year Location GPS  Coordinates 
NT 
Yrs Cultivar † 
Planting 
Date 
Harvest 
Date GDD § 
Precip § 
(mm) 
1 2009 SWRF 41°18'36.13"N, 95°10'9.57"W 15 K 201 5/7/2009 9/29/2009 1386 537 
2 2009 NWRF 42°55'28.07"N, 95°27'59.91"W 18 NK S28-B4 5/18/2009 9/30/2009 1109 255 
3 2010 SERF 41°12'14.03"N, 91°29'9.31"W 16 P 93M11 5/24/2010 10/4/2010 1554 745 
4 2010 SWRF 41°18'36.13"N, 95°10'9.57"W 16 P 93M11 5/4/2010 10/2/2010 1652 866 
5 2010 NERF 42°56'10.52"N, 92°34'10.17"W 16 NK S24-J1 4/22/2010 9/28/2010 1541 594 
6 2010 NIRF 42°55'45.24"N, 93°47'35.51"W 16 K 201 5/4/2010 9/28/2010 1493 571 
7 2010 NWRF 42°55'28.07"N, 95°27'59.91"W 16 K 201 5/19/2010 9/30/2010 1382 735 
† K, Kruger; NK, Northup King; P, Pioneer 
§ Data obtained from Iowa Environmental Mesonet, Iowa State Ag Climate Network. Growing degree day base 10O C 
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Table 2. Soil type, average initial soil fertility level and soil test classification for each site in the fall prior to the 
application of fertilization treatments, 2009-2010.  Plots are treated annually with the same fertilization rate. 
  
Initial Fall soil fertility and soil test classification from plots treated annually with 
the same fertilization rate  
  Phosphorus Plots (mg P kg-1) §, ‡  Potassium Plots (mg K kg-1)  §, ‡ 
Site Soil Series (Great Group †) Rate 0 Rate 1 Rate 2 Rate 3 
 
Rate 0 Rate 1 Rate 2 Rate 3 
1 Marshall (T. Hapludolls) 7.5 VL 13.8 L 39.8 VH 61.8 VH  153 O 181 H 180 H 283 VH 
2 Galva (T. Hapludolls) 3.8 VL 12.8 L 52.6 VH 63.6 VH  181 H 164 O 163 O 312 VH 
3 Mahaska (Aq. Argiudolls) 7.7 VL 17.8 O 45.1 VH 63.4 VH  120 L 108 L 151 O  195 H 
4 Marshall (T. Hapludolls) 7.3 VL 34.8 VH 38.0 VH 41.8 VH  145 O 171 H 207 VH 245 VH 
5 Kenyon (T. Hapludolls) 11.1 L 22.8 H - 60.8 VH  96 L 133 O - 188 H 
6 Webster (T. Endoaquolls) 6.6 VL 8.5 L 29.9 H 67.8 VH  104 L 130 O 181 H 214 VH 
7 Galva (T. Hapludolls) 5.2 VL 13.6 L 61.9 VH 79.8 VH  119 L 197 VH 314 VH 280 VH 
† Aq, Aquic; T, Typic 
§ Rate 0, treatment P0/K0; Rate 1, treatment B1; Rate 2, treatment B3; Rate 3, treatment B3 
‡ VL, Very Low; L, Low; O, Optimum; H, High; VH, Very High soil test interpretation classes according to Sawyer et al. 
(2002) 
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Table 3. Phosphorus and potassium seed germination and accelerated aging 
test ANOVA tables, 2009-2010. 
 Phosphorus  Potassium 
ANOVA 
Standard 
Germination 
(%) 
Accelerated 
Aging (%)  
Standard 
Germination 
(%) 
Accelerated 
Aging (%) 
Site (S) *** **  *** *** 
Treatment (T) *** ***  *** *** 
S X T *** ***  *** *** 
* Significant at the P < 0.05 probability level. 
** Significant at the P < 0.01 probability level. 
*** Significant at the P < 0.001 probability level. 
† NS = no significant differences at P < 0.05. 
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Table 4. Phosphorus fertilization by site and treatment effects means on standard germination and 
accelerated aging test values, 2009-2010 
 Standard Germination (%) 
Treatment Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
   P0 98.00 99.67 87.00 90.67 85.00 94.00 94.00 
   B1 98.33 97.33 83.00 88.00 80.00 93.67 91.00 
   B2 98.33 98.67 86.67 88.33 79.00 93.67 92.33 
   B3 98.33 98.67 64.67 81.67 78.67 90.00 95.33 
   S1 98.00 99.33 81.67 91.67 77.67 94.00 90.67 
   S2 98.67 99.67 88.33 90.67 77.00 94.00 91.33 
LSD (0.05) NS NS 4.36 4.36 4.36 NS 4.36 
Treatment Accelerated Aging (%) 
   P0 87.67 83.00 80.33 87.67 83.33 84.33 89.67 
   B1 79.33 73.33 84.00 92.67 76.33 88.00 89.33 
   B2 49.00 72.33 80.67 90.67 78.33 86.67 83.00 
   B3 85.33 55.33 31.67 41.33 79.00 1.33 10.00 
   S1 89.67 69.33 83.00 88.00 79.33 81.67 87.00 
   S2 72.67 68.00 79.33 86.33 77.33 88.00 93.67 
LSD (0.05) 9.76 9.76 9.76 9.76 9.76 NS 9.76 
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Table 5. Potassium fertilization by site and treatment effects on standard germination and accelerated 
aging test values, 2009-2010 
 Standard Germination (%) 
Treatment Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
   K0 95.33 95.67 91.33 87.67 75.00 92.00 91.67 
   B1 96.33 98.00 85.67 90.33 74.00 93.67 92.33 
   B2 96.67 99.33 85.67 89.00 72.00 95.33 91.00 
   B3 95.67 98.67 68.00 88.00 77.67 81.00 90.67 
   S1 97.00 98.00 87.67 88.00 75.67 95.00 91.67 
   S2 94.67 98.00 87.00 91.00 74.33 94.00 90.67 
LSD (0.05) NS NS 4.38 NS 4.38 4.38 NS 
Treatment Accelerated Aging (%) 
   K0 40.67 89.67 81.67 90.33 79.7 81.67 91.33 
   B1 31.33 83.67 79.00 87.67 83.7 83.00 86.67 
   B2 20.33 82.33 80.00 89.00 62.0 81.33 92.67 
   B3 72.00 85.67 29.67 39.33 68.0 1.33 46.00 
   S1 58.67 80.33 81.00 94.33 76.7 81.00 89.00 
   S2 19.67 87.00 76.67 87.67 67.0 82.67 91.67 
LSD (0.05) 12.55 NS 12.55 12.55 12.55 12.55 12.55 
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Table 6. Phosphorus and potassium fertilization effects on seed composition ANOVA tables, 2009-2010. 
 Elemental Analysis  NIR Analysis  GC Fatty Acid Profile (g kg-1 of total oil) 
 Phosphorus Potassium 
 
Protein 
Total 
Oil 
 
Palmitic Steric Oleic Linoleic Linolenic 
ANOVA    g kg-1 g kg-1  g kg-1 g kg-1 g kg-1 g kg-1 g kg-1 
Phosphorus            
Site (S) *** **  *** ***  *** *** *** *** *** 
Treatment (T) *** *  NS *  NS NS NS ** ** 
S X T * NS  NS ***  * NS NS NS * 
Potassium            
S ** ***  *** ***  *** *** *** *** *** 
T NS ***  NS NS  * NS *** *** ** 
S X T NS **  NS NS  ** NS ** ** NS 
* Significant at the P < 0.05 probability level. 
** Significant at the P < 0.01 probability level. 
*** Significant at the P < 0.001 probability level. 
† NS = no significant differences at P < 0.05. 
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Table 7. Site and phosphorus fertilization main effect means on seed 
composition values, 2009-2010. 
 
Elemental 
Analysis 
 NIR 
Analysis 
 GC Fatty Acid Profile (g kg-1 
of total oil) 
Main Effect Potassium  Protein  Steric Oleic Linoleic 
 g kg-1  g kg-1  g kg-1 g kg-1 g kg-1 
Site (S)        
1 -  333.00 40.81 207.28 556.38 
2 -  343.17 59.09 229.96 528.71 
3 17.34  358.69 45.04 243.04 546.38 
4 18.45  367.17 39.50 217.69 576.12 
5 19.81  372.11 37.07 302.23 497.38 
6 18.13  360.50 47.34 218.65 553.58 
7 17.91  363.00 46.48 210.62 554.30 
LSD (0.05) 0.50  5.98 2.03 8.43 6.14 
Treatment (T)       
P0 17.74  358.93 45.23 232.60 548.01 
B1 18.21  355.43 45.09 229.40 546.88 
B2 18.44  355.29 44.87 230.98 545.48 
B3 18.45  356.55 45.48 238.87 536.21 
S1 18.57  357.21 44.94 231.62 547.19 
S2 18.44  357.43 44.69 233.21 544.39 
LSD (0.05) 0.55  NS NS NS 5.68 
* Significant at the P < 0.05 probability level. 
** Significant at the P < 0.01 probability level. 
*** Significant at the P < 0.001 probability level. 
† NS = no significant differences at P < 0.05. 
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Table 8. Phosphorus fertilization by site and treatment effects means on seed composition values, 2009-
2010 
 Elemental Phosphorus (g kg-1) 
Treatment Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
   P0 3.35 2.78 4.87 5.07 5.60 3.83 3.63 
   B1 4.45 4.01 6.00 5.67 6.10 5.67 5.57 
   B2 4.64 4.03 6.33 6.00 6.10 5.93 5.93 
   B3 4.68 4.27 6.23 5.87 6.10 6.27 6.10 
   S1 4.30 4.33 5.73 5.70 6.63 5.33 5.37 
   S2 4.52 4.17 6.03 6.00 6.03 5.87 5.83 
LSD (0.05) 0.60 0.60 0.60 0.60 0.60 0.60 0.60 
Treatment Total Oil  (g kg-1) 
   P0 187.50 189.00 192.83 194.33 188.33 189.67 183.00 
   B1 189.00 187.50 195.33 193.00 188.33 192.67 183.67 
   B2 189.33 187.00 195.33 193.00 188.17 189.67 184.83 
   B3 188.50 189.67 196.50 189.67 187.67 188.33 185.33 
   S1 188.33 188.33 196.33 187.83 186.00 189.50 183.33 
   S2 190.00 187.67 197.67 186.00 188.33 185.00 182.33 
LSD (0.05) NS NS 2.93 2.93 NS 2.93 2.93 
Treatment Palmitic (g kg-1 of total oil) 
   P0 114.63 97.00 96.07 94.10 105.70 106.37 108.37 
   B1 113.33 101.67 95.40 95.90 105.10 110.13 108.33 
   B2 112.57 102.47 96.30 91.87 105.83 105.60 111.20 
   B3 116.47 103.10 94.63 94.90 104.73 111.47 110.17 
   S1 113.63 103.23 92.50 95.43 103.27 107.87 109.43 
   S2 111.97 99.00 92.67 93.73 105.93 110.40 109.77 
LSD (0.05) 3.81 3.81 NS 3.81 NS 3.81 NS 
Treatment Linolenic (g kg-1 of total oil) 
   P0 80.90 77.10 69.37 70.93 58.13 65.40 75.03 
   B1 79.17 79.90 69.57 78.40 59.47 75.30 78.77 
   B2 81.93 80.27 73.50 73.93 56.00 75.70 83.47 
   B3 83.20 85.87 70.50 71.23 58.47 71.20 80.13 
   S1 82.23 79.10 71.83 69.20 59.13 70.03 76.93 
   S2 83.10 84.80 70.77 70.50 58.23 73.07 79.90 
LSD (0.05) NS 5.07 NS 5.07 NS 5.07 5.07 
 
54 
 
 
 
 
Table 9. Site and potassium fertilization main effect means on seed 
composition values, 2009-2010. 
 
Elemental 
Analysis 
 
NIR Analysis 
 GC Fatty Acid 
Profile 
(g kg-1 of total oil) 
Main 
Effect Phosphorus 
 
Protein 
Total 
Oil 
 
Steric Linolenic 
 g kg-1  g kg-1 g kg-1  g kg-1 g kg-1 
Site (S)        
1 -  329.61 191.14  41.53 79.09 
2 -  343.58 189.17  58.86 81.68 
3 5.78  356.50 196.39  45.94 72.65 
4 5.43  361.81 189.33  40.58 71.25 
5 6.02  372.36 187.11  38.55 56.84 
6 5.21  357.06 190.61  47.72 69.82 
7 5.95  363.28 183.72  45.77 81.19 
LSD (0.05) 0.56  5.71 2.14  2.49 3.04 
Treatment 
(T) 
       
K0 5.63  356.79 189.57  45.80 71.19 
B1 5.66  354.10 189.79  45.80 71.69 
B2 5.65  354.83 188.74  45.92 73.39 
B3 5.68  355.21 189.93  45.69 75.16 
S1 5.59  353.79 190.21  44.86 73.23 
S2 5.73  354.60 189.60  45.31 74.66 
LSD (0.05) NS  NS NS  NS 2.04 
* Significant at the P < 0.05 probability level. 
** Significant at the P < 0.01 probability level. 
*** Significant at the P < 0.001 probability level. 
† NS = no significant differences at P < 0.05. 
 
55 
 
 
 
 
 
 
 
 
 
Table 10. Potassium fertilization by site and treatment means on seed composition values, 2009-2010 
 Elemental Potassium (g kg-1) 
Treatment Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
   K0 16.30 16.19 16.63 17.23 15.80 15.13 17.43 
   B1 17.26 16.48 17.53 18.67 18.20 16.87 18.73 
   B2 16.92 17.00 17.63 19.23 19.00 18.20 18.47 
   B3 16.96 16.65 17.70 18.23 19.70 18.77 18.77 
   S1 16.59 16.60 17.53 18.50 18.30 16.70 18.13 
   S2 16.33 17.03 17.47 18.73 19.30 18.20 18.17 
LSD (0.05) NS NS 1.40 1.40 1.40 1.40 1.40 
 Palmitic (g kg-1 of total oil) 
  K0 116.87 103.00 95.70 96.50 96.70 106.80 109.83 
   B1 113.47 104.50 93.93 96.77 96.53 109.20 108.50 
   B2 114.60 104.37 97.07 95.03 104.00 110.13 112.33 
   B3 114.70 105.50 95.60 96.77 106.53 107.33 109.87 
   S1 116.33 100.53 95.33 95.57 102.90 109.57 109.07 
   S2 114.97 101.07 93.67 95.47 104.53 109.7 111.2 
LSD (0.05) NS 3.86 NS NS 3.86 NS NS 
 Oleic (g kg-1 of total oil) 
   K0 219.10 228.53 251.83 225.27 362.37 238.97 211.50 
   B1 218.03 228.53 254.67 236.17 352.47 219.17 220.50 
   B2 220.67 228.63 246.27 216.17 325.93 218.87 200.00 
   B3 208.17 228.57 251.17 225.03 282.80 213.07 196.57 
   S1 206.50 228.10 234.47 225.50 316.57 221.80 207.70 
   S2 211.73 229.27 229.53 225.67 317.27 210.53 201.13 
LSD (0.05) NS NS 18.99 18.99 18.99 18.99 18.99 
 Linoleic (g kg-1 of total oil) 
   K0 546.53 529.73 533.77 567.30 448.87 540.90 550.93 
   B1 546.33 526.97 534.70 557.00 460.20 553.97 546.17 
   B2 542.50 525.07 541.93 575.87 473.77 552.63 559.03 
   B3 555.97 524.00 532.67 566.13 510.97 559.73 562.93 
   S1 556.77 529.60 551.40 568.30 484.80 552.87 559.67 
   S2 553.03 530.93 554.93 564.60 480.40 559.40 561.27 
LSD (0.05)= 16.45 NS NS 16.45 16.45 16.45 16.45 16.45 
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CHAPTER 3. SOYBEAN SEED STORABILITY IN RESPONSE TO PHOSPHORUS AND POTASSIUM 
FERTILIZATION AND STORAGE ENVIROMENTS 
 
 
A paper to be submitted to Agronomy Journal 
Keaton Krueger, A. Susana Goggi, Russell E. Mullen, and Antonio P. Mallarino 
 
Abstract 
 Soybean [Glycine max L. (Merr.)] seed stores poorly due, in part, to its seed composition. 
Historically, seed companies sold seed returned from the dealers as grain.  Returned seed lots often 
have poor seed quality because they are exposed to inadequate warehouse storage environments. The 
demand for chemically-treated soybean seed has also increased in recent years; these treated soybeans 
cannot be sold as grain even if they are stored in adequate storage environments.  Few studies have 
investigated the influence of phosphorus and potassium fertilization on seed storability.  The objectives 
of this study were to determine the effect of different levels of phosphorus and potassium fertilization 
and storage environments on soybean seed quality and seed carry-over potential.  Seed lots were 
harvested from a long-term phosphorus and potassium trial. Fertilization treatments were broadcast by 
hand in the spring prior to planting at four rates (0, 31, 63, 123 P2O5/ 0, 39, 78, 164 K2O).  Seeds were 
placed in four different storage environments: continuous climate controlled warehouse; continuous 
non-climate controlled warehouse; non-climate controlled warehouse with one month at alternating 
temperatures of 4.5° and 15.5° C; and non-climate controlled warehouse with two months at alternating 
temperatures (first mo. at 4.5° and 15.5° C and second mo. at 10O C and 32.2O C).  Seed quality was 
determined by using the standard germination and accelerated aging tests.   Most seed lots stored in 
environment 1 did not have adequate germination and vigor levels following 13 months of storage.  
Extreme temperature and relative humidity fluctuations rapidly decreased seed viability and vigor.  
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Phosphorus and potassium fertilization did not improve seed storability, although higher rates of 
potassium fertilization increased seed survival in poor storage environments for a short time.   Seed 
producers should not store soybean seed for two seasons, regardless of storage environment and P and 
K fertilization levels. 
Introduction 
The producers’ demand for treated soybean [Glycine max L. (Merr.)] seed grew from less than 
8% treated soybeans in 1996, to more than 30% in 2008 (Munkvold, 2009).  The increased use of treated 
seed is expected to continue because many large soybean companies now apply seed treatments to all 
the soybean seed lots (Munkvold, 2009).    Excess seed at the end of planting season that is left in local 
dealer’s warehouses is returned to the seed company.  These seeds may have been exposed to 
inadequate storage environments in dealer’s warehouses and farmer’s storage sheds. Warehouses and 
sheds for storing seed are often not climate-controlled and under these fluctuating temperature and 
relative humidity conditions, seed physiological quality can quickly deteriorate (Harrington, 1960a; 
Harrington, 1972; Barton, 1943).  In the past, untreated returned seed was sold in the commodity 
market, because soybean seed quality typically declined faster than seed of other agronomic crops 
(Delouche et al., 1973) and storage lengths past 6 to 9 months after harvest were not recommended 
(Burris, 1980).  Today, seed companies must pay a high cost for disposing treated soybean seed in an 
environmentally safe way.  This issue has renewed seed industry interest in finding ways to carry-over 
the treated seed to the following growing season.   
Lipid-rich seeds deteriorate faster in storage than seeds with higher proportions of starch 
(Priestly, 1986; Nagel and Borner, 2010).  Soybean seed loses physiological “fitness” with age and 
becomes more sensitive to stress during germination (Walters, 1998).  The rate at which seed lots 
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deteriorate depends on the surrounding storage environment, especially relative humidity and air 
temperature in the storage environment (Harrington, 1972).   
 There are very few studies in the literature that identify the influence of phosphorus and 
potassium fertilization on seed quality (Copeland and McDonald, 1995).  One of those studies indicated 
that plants grown in phosphorus-deficient conditions produced fewer total seeds, but the seeds 
produced did not have differences in seed germination (Harrington, 1960b).  Harrington (1960b) also 
reported that seeds from plants grown in potassium deficient conditions produced higher percentages 
of abnormal seeds.  Other authors used various phosphorus and potassium fertilization rates and found 
inconsistent effects on seed yield at different environments (Borges and Mallarino, 2000, 2003; Haq and 
Mallarino, 2005; Buah et al., 2000; Yin and Vyn, 2002).  Further research should be conducted to 
characterize the effects of phosphorus and potassium fertilization on seed physiological quality and 
yield.   
 Seed composition changes in response to phosphorus (Gaydou and Arrivets, 1983; Haq and 
Mallarino, 2005; Seguin and Zheng, 2006) and potassium (Yin and Vyn, 2003; Vyn et al., 2002; Gaydou 
and Arrivets, 1983; Sale and Campbell, 1986) fertilization.  These changes may also affect seed 
germination and vigor.  LeVan et al. (2008) found that seed composition influences the on-set of 
imbibitional injury at different seed moisture contents during germination.  Seeds that contain higher oil 
percentages had lower levels of imbibitional injury and consequently higher germination percentage for 
one year of production but not the other (LeVan et al., 2008).   Changes in soybean seed composition in 
response to increased levels of phosphorus and potassium fertilization could also affect the long-term 
storability of soybean seed lots.   
59 
 
 
 
 
 The values of a soybean seed standard germination test must be > 95% and >80% for 
accelerated aging tests to ensure adequate field emergence (Egli and TeKrony, 1995). A carry-over 
soybean seed lot returned to a seed company at the end of a growing season must maintain these high 
seed viability and vigor levels until the following growing season to be marketable. These high levels of 
seed quality are difficult to maintain in soybean seeds stored under the improper storage conditions of a 
producer’s storage shed during the early spring and summer.  The objectives of this study were to 
determine the effect of different levels of phosphorus and potassium fertilization and storage 
environments on soybean seed carry-over potential and seed quality.   
Materials and Methods 
Seed for this study was harvested from two, long-term trials established in 1994 at Iowa State 
University research farms.  Seed was harvested from the northwest (NWRF) and southwest (SWRF) 
farms in the fall of 2009. These trials were planted as a no-till corn and soybean rotation and each year 
both crops were planted side-by-side on adjacent sections of the same field.  The plots were planted in a 
randomized complete block design with three replications.  Soybean cultivars and planting dates were 
chosen based on the best recommendation for each particular farm.  Crop management practices 
(except P and K fertilization) varied among locations depending on the requirements for each specific 
region.  Row spacing was 0.76 m and plot length measured 18 m in length and 4.5 or 6.0 m in width.  
Summarized information about management practices is shown in Table 1. 
Phosphorus and potassium fertility treatments were broadcast by hand in the fall of 2008.  
Three treatment rates and a non-fertilized control were used.  Fertilization rates (designated 0, 1, 2, and 
3) were 0, 31, 63, 123 P2O5 kg/ha of phosphorus fertilizer, and 0, 39, 78, 164 K2O kg/ha potassium 
fertilizer, respectively.  The treatments were applied each year; thus, the treatment effects were a result 
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of new application of fertilizer plus any residual effects from previous applications.  The highest 
phosphorus and potassium rates (B3) began in 2002 and were applied to plots that had received 63 kg 
P2O5/ha or 28 kg K2O/ha since 1994.   Seed was harvested from a central area of each plot (15m length 
of either 3 or 5 rows) with a plot combine.  Yield and initial seed moisture content at harvest were 
recorded, and seeds were stored in a climate controlled environment (10 °C and 50% ± 5% relative 
humidity) until the beginning of data collection for the storage study.    
Soil sampling analyses 
Soil samples (15-cm in depth) comprised of 12-16 cores (2 cm in dia.) collected after harvest in 
the fall of 2008.  Samples were dried at 35-45O C and crushed to pass through a 2mm sieve.  Soil 
phosphorus and potassium concentrations were determined following procedures recommended for 
the North Central Region using the Bray-P1 test for phosphorus (Frank et al., 1998) and the ammonium 
acetate test for potassium (Warncke and Brown, 1998).  Soil test interpretation classes (Sawyer et al., 
2002) were used to describe the initial phosphorus and potassium fertility levels of the plots.  The 
phosphorus soil test classes were “Very Low”, ”Low”, “Optimum”, “High”, and “Very High”, 
corresponding to 8, 16, 20, and 30 mg P kg-1.  Potassium soil test values were reported using the same 
descriptive classes as phosphorus corresponding to rates of 90, 130, 170, and 200 mg K kg-1.  Soil test 
values and class information are shown in Table 1.  
Seed storage study 
 Seeds were placed in four different storage environments following an initial seed quality 
evaluation. The storage treatments were: continuous climate controlled warehouse at 10 °C and 50% + 
5% relative humidity (environment 1); continuous non-climate controlled warehouse (environment 2); 
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non-climate controlled warehouse and one month at alternating temperatures of 4.5° (minimum) and 
15.5° C (maximum) before the seeds were returned to warehouse storage (environment 3); and non-
climate controlled warehouse and one month at alternating temperatures of 4.5° (minimum) and 15.5° 
C (maximum) and one month at 10O C (minimum) and 32.2O C (maximum) before the seeds were 
returned to warehouse storage (environment 4). 
   One hundred seed samples of each seed lot were stored in a single layer of 8 cm X 14 cm coin 
envelopes (Quality Park Products, Minneapolis, MN) sealed inside a multi-wall (3 layer) paper bag 
(Central Bag Company, Kansas City, MO).  HOBO Model U-14 temperature and relative humidity data 
loggers (OnSet Corp., Pocasset, MA) were placed inside each storage environment. The seed lots were 
stored in these conditions from December 2009 until February 2011.   
 In April 2010, seed lots from environments 3 and 4 were removed from the warehouse, while 
seeds lots from environment 2 were left in the warehouse until the end of the study.  Seed lots from 
environment 3 and 4 were moved to a Conviron growth chamber (Controlled Environment Ltd., 
Winnipeg, MB, Canada) cycling between 4.5o C and 15.5o C in twelve-hour cycles for one month. These 
temperatures were chosen based on the environmental conditions at a typical dealers’ storage facility 
during the month of May in Iowa (Chuck Hansen, personal communication, 2009).  After the first month, 
seed lots from environment 3 were returned to the warehouse.  The seed lots from environment 4 
remained in the controlled chamber set at alternating temperatures between 10O and 32.2O C in twelve-
hour cycles for an additional month.  These temperatures were chosen to simulate the environmental 
conditions at a typical dealer’s storage facility during June in Iowa (Chuck Hansen, personal 
communication, 2009).  After this period, the seed lots from environment 4 were returned to the 
warehouse as would be the case with unsold seed lots returned to the seed company after the spring.  
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After these different treatments, all seed lots from environments 2 to 4 remained in the warehouse until 
February 2011.  
 
Seed viability and vigor tests 
 Seed viability data was obtained using the standard germination test according to the 
Association of Official Seed Analysts Rules for Testing Seeds (AOSA, 2009) and accelerated aging test 
(AOSA, 1983). The standard germination tests were conducted by placing 100 seeds per replication on 
crepe cellulose paper (Kimberly Clark, Neenah, WI) on a fiberglass tray (45 cm x 66 cm x 2.54 cm) 
moistened with 840 ml of water.  The water was allowed to moisten the crepe cellulose paper evenly for 
more than 1-hour before planting the seed samples.  After planting, the tests were placed in a constant 
25 o C walk-in germination room with alternating light (4 h on, 4 h off) for a total of 12 h light a day for 7 
days.  Accelerated aging tests were conducted by placing 100 seeds per replication on a screen inside a 
10 x 10 x 4 cm AA boxes (Hoffman Manufacturing Company, Albany, OR), and adding 40 mL of distilled 
water at the bottom of the box.  The boxes were covered and placed in an AA chamber (VWR Scientific, 
Chicago, IL) at 41o C for 72 hours.  Immediately after the aging period, seeds were planted on moistened 
crepe cellulose paper and covered with 2.5 cm of moistened sand before placing the tests a constant 25 
o C walk-in germination room with alternating light (4 h on, 4 h off) for a total of 12 h light for 7 days. 
The standard germination test (AOSA, 2009) and the accelerated aging test (AOSA, 1983) were 
performed on all seed lots and storage environments in December 2009, April 2010, and February 2011.  
The accelerated aging test was also conducted in May 2010 and June 2010 on the seed stored in 
environments 3 and 4, to monitor any small changes in seed quality caused by poor storage conditions. 
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Statistical analysis 
 The data were analyzed as a split-block design with site, block, treatment, environment as main 
effects and all their relevant interactions.  All effects were considered fixed except for blocks which were 
considered random. The fertilizer-application treatments were treated as whole plots and storage 
environments were treated as split plots.  Field replications were used as replications throughout the 
experiment.   
 Data were analyzed using the MIXED procedure of SAS (Littell et al., 1996).  The restricted 
maximum likelihood method was used for variance estimation after testing to ensure homogeneous and 
homozygous error variances.   Mean comparisons were made using Fisher’s protected LSD test (P < 
0.05). 
Results and Discussion 
Storage environment treatments 
 Figure 1 shows the temperature data for each storage environment (environment 1, 2, 3, 4).  
The relative humidity data followed very similar patterns (Figure 2).  Environment 1 remained at 
constant 10° C and 55% RH for the duration of the study, while temperature and relative humidity 
fluctuated considerably in environment 2, 3, and 4 during the summer months.  The temperature 
variation in the seed storage warehouse (environment 2, 3, 4) followed a seasonal cycle that was within 
the range of other studies (Fabrizius et al., 1999; TeKrony et al., 1993).  Even though these studies did 
not report variations in relative humidity percentages, it is likely that seasonal changes were also similar 
since the storage environments were very similar.   This large increase in temperature and relative 
humidity may not be typical of commercial seed storage warehouses because they store large amounts 
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of seed that prevents fluctuations in equilibrium temperature from occurring during warmer seasons. 
The diurnal-nocturnal May and June simulated temperatures in environment 3 and environment 4 were 
much lower than those in environment 2, but the relative humidity values were higher (Figures 3 and 4).  
During the month of June when seed lots from environment 3 were returned to the warehouse, the 
seed lots from environment 4 were at a lower temperature than the warehouse but at much higher 
relative humidity.  The higher relative humidity in environment 4 probably would have increased stress 
on the seed (Byrd and Delouche, 1971; Harrington, 1960a; Harrington, 1972b; Moore and Roos, 1982).   
The most important environmental factors that influence seed deterioration in storage are the 
relative humidity and the temperature of the air in the storage environment.  Relative humidity 
determines the seed moisture content, and temperature affects the rate of biochemical processes in the 
seed.  Harrington (1959; 1972) established three “rules of thumb” that describe seed deterioration in 
storage: for each 1% decrease in seed moisture content, the life of the seed is doubled; for each 10OF 
(5.5OC) decrease in storage temperature, the life of the seed is doubled (Harrington, 1972).  Harrington’s 
third rule of thumb states that the sum of temperature in degrees Fahrenheit and relative humidity in 
percentage should not exceed 100, and seeds should not be stored in temperatures above 50O F (10OC) 
(Harrington, 1959).  The seed lots in environments 2 to 4 were subjected to environmental conditions 
outside the acceptable limits for seed storage as reported by Harrington (1959; 1972) indicating that 
these storage environments were inadequate for long-term seed storage.  Consequently, seed lots 
stored under these conditions would have deteriorated faster that those stored in environment 1. 
Biochemical changes within the seed during storage affect the seed lot’s storability (Smith and 
Berjak, 1995).  Higher levels of lipid peroxidation in the axes of the seed (Buchvarov and Gantcheff, 
1984), and higher levels of enzymatic activity increase the permeability of membranes during storage in 
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inadequate storage environments (Ching and Schoolcraft, 1968).  These changes deplete stored food 
reserves and increase the potential for electrolyte leakage at germination, which can result in higher 
pathogen loads at germination (Copeland and McDonald, 1995), and eventual death of the seed while in 
storage.  These processes may be accelerated in soybean seeds that are stored in inadequate storage 
environments further limiting a seed producer’s ability to carry-over soybean seeds for the following 
season. 
Seeds lose viability and vigor as they age in storage, but the curvature of the seed viability 
(quadratic) and vigor curves (sigmoid) differ as the seed lot ages (Delouche and Caldwell, 1960).  
Delouche and Caldwell (1960) also suggested that the values of seed vigor decrease more rapidly than 
seed viability.  McDonald (1998) stated that standard germination tests do not consistently predict field 
performance of a seed lot, and suggested that seed vigor test values may also be a valuable resource to 
use when trying to determine if returned soybean seed lots can be reprocessed and sold the following 
season. 
Phosphorus fertilization effects on seed viability 
 The ANOVA for the standard germination percentages from seed grown in plots with different 
fertilizer rates and stored in four different environments are shown in Table 2.  The effects of these 
factors and their interactions were different at each testing time during the study (Table 2).  Initial 
standard germination tests in December 2009 revealed a significant site x phosphorus fertilization 
treatment interaction (Table 3).  At site 2, the seed lots from treatment P0 had the highest standard 
germination percentage for all treatments and sites, and B1 had the lowest.  In April 2010, seed lots 
grown in plots with the B3 phosphorus fertilization level and stored in environments 2, 3, and 4 had 
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lower viability than all other seed lots (Table 3).  This suggests that seeds grown under high phosphorus 
fertility may lose seed viability faster in poor storage environments.   
Standard germination percentages at the final testing date of February 2011 were below 90%, 
except for seeds from site 1 stored in constant 10° C (environment 1) (Table 3).  The seed lots from all 
other fertilization treatments and storage environments had lower germination percentages, indicating 
that higher levels of phosphorus fertility do not increase seed longevity after 1 year of storage.  The 
germination percentage of seed lots from site 1 stored at a constant 10O C had a germination 
percentage of 91.5%.  This germination percentage value is greater than the minimum value of 80% that 
is commonly accepted in the soybean industry for adequate sale, although it does not meet the 95% 
germination value recommended for adequate field emergence by Egli and TeKrony (1995).  
Potassium fertilization effects on seed viability 
  The effects of potassium fertilization on seed viability also were different throughout the study 
(Table 2).  At the initial testing time of December 2009, seed lots from the K0 control had the lowest 
standard germination percentages (Table 4).  One treatment at site 1 (B2) and all treatments (B1, B2, 
and B3) at site 2 had significantly higher standard germination percentages than the control.  These 
results seem to indicate that initial seed viability may be higher in seeds grown in plots with higher levels 
of potassium fertility.  The standard germination percentages were not significantly different among 
levels of potassium fertilization and storage environments for the April 2010 testing time, or among 
levels of potassium fertilization at the final testing time of February 2011 (Table 4).  Seed lots that were 
stored in environment 1 (constant 10° C) had the highest germination at the end of the study, but the 
standard germination percentages were below the 95% value recommended for adequate field 
emergence (Egli and Tekrony, 1995).  Seed lots from site 2 stored in environment 2 had higher standard 
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germination percentages at the end of the study than seeds stored in environment 3 and 4 even though 
seeds from environment 3 and 4 were stored at lower temperature for 2 months of the study (Figure 2).  
These results confirm prior studies indicating that higher relative humidity in the storage environment 
may have a more negative effect on seed germination than storage temperature (Copeland and 
McDonald, 1995; Harrington, 1960b; Delouche et al., 1973).  These results also confirm previous findings 
that seeds subjected to fluctuating levels of relative humidity deteriorate faster than seeds stored at 
constant moisture environments (Barton, 1943); and that seeds lose viability quickly at relative humidity 
values around 80% (Toole, 1950).   
Phosphorus fertilization effects on seed vigor 
 Phosphorus fertilization effect on seed vigor was not consistent throughout the course of the 
study (Table 5).  The initial accelerated aging test results from December 2009 demonstrated that seed 
lots from the P0 control had higher vigor levels than all other treatments at site 2 (Table 6).  Seed lots 
from the P0 control had higher levels of vigor than treatments B1 and B2 at site 1 (Table 6). These 
results seem to indicate that higher levels of phosphorus fertility may be detrimental to soybean seed 
vigor.   
When seed vigor was tested in April 2010, the three way interaction among site x treatment x 
environment was significant (Table 7).  At both sites and across all treatment levels, seed lots stored in 
environment 1 had lower seed vigor than seed lots stored in the warehouse.  Seed vigor levels in 
environment 2, 3, and 4 were also higher in April 2010 than at the December 2009 testing date, 
indicating that seeds stored in the higher temperature and humidity environment may have undergone 
after-ripening.  After-ripening is a process by which seeds lose dormancy in storage allowing 
germination to occur (Karssen, 1995).   
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 There was a significant interaction between storage environment and phosphorus treatment in 
May 2010 (Table 5).  Data (not shown) indicated that treatment P0 stored in environment 2 had lower 
levels of seed vigor than seed lots in environment 3 and 4.  No other significant treatment or 
environmental effects were observed in May 2010.  When accelerated aging tests were completed June 
2010, seed lots in environment 3 had lower seed vigor than seed lots in environment 4 (Table 6). Seed 
lots in environment 4 were exposed to high relative humidity and temperature for two months, while 
seed lots in environment 3 were only exposed to high relative humidity for one month before returning 
to the warehouse.  The temperatures in the warehouse were higher but the relative humidity was lower 
(Figures 3 and 4).  Other authors have reported that exposure to fluctuating relative humidity in storage 
is more detrimental to seeds than exposure to constant high relative humidity environment (Barton, 
1943).   
Phosphorus fertilization did not improve seed storability at the end of this study.  As expected, 
seeds stored in environment 1 had much higher vigor levels at the end of the study than seeds from the 
other 3 environments (Table 6).  All but one seed lot (site 2, environment 1) had unacceptable vigor test 
values (< 80%) for adequate field emergence at the end of the study (Egli and Tekrony, 1995).  Seed lots 
stored in environment 1 had a slight increase in seed vigor from December 2009 until the end of the 
study in February 2011 (site 1: 75.3-77%, site 2: 71-81.6%, data not shown). These results confirm 
observations made by DeVries et al. (2007), Houston (1973), and Moore and Roos (1982) that indicate 
that occasional increases in soybean seed germination occur after the first few months of storage. 
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Potassium fertilization effects on seed vigor 
 Seed vigor changes were observed in response to potassium fertility and storage environment 
and varied throughout the duration of the study (Table 5).  Seed vigor tests completed in December 
2009 showed varying potassium fertilization treatment effects among both sites (Table 8). The 
accelerated aging percentage seed vigor values at site 1 were significantly lower than at site 2.  Within 
site 1, seed vigor levels were lower for seed lots grown in plots with lower potassium fertilization 
(treatments K0, B1, and B2) and highest for treatment B3.  Only seed lots from treatment B2 were 
significantly lower than the control at site 2.     
When seed vigor levels were tested again in April 2010 a significant site x treatment x 
environment interaction was observed (Table 9).  At all sites seed lots from all potassium treatment 
levels stored in environment 2, 3, and 4 had higher seed vigor levels than seed lots stored in 
environment 1.  Similarly to the effect of phosphorus fertilization, seed vigor levels in environment 2, 3, 
and 4 were also higher than at the December 2009 testing date, indicating that seeds stored in the 
higher temperature and humidity environment could have undergone after-ripening.  When seed vigor 
was tested in May 2010, seed lots grown in plots from the B1 and B2 fertilization rates had higher levels 
of seed vigor than the control (Table 8).   These plots were in the optimum-high soil test class prior to 
application of the fertilization treatments indicating that an increase in soil fertility levels above 
optimum may improve storability in poor storage conditions.  Contrarily, seed lots grown in plots that 
received the B3 treatment had very high soil test values prior to application of the fertilization 
treatment and were not different from the control.   These results seem to indicate that the response to 
potassium fertilization reaches a critical maximum where additional potassium fertilization negatively 
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impacts soybean storability.  Further research should be undertaken to identify the levels of potassium 
fertility that positively impact seed longevity. 
In June 2010, the seed lots in environment 3 had lower seed vigor than seed lots in environment 
4 which shows a rapid decline in seed vigor levels even after one month of inappropriate storage 
conditions (Table 8). The results from the vigor test performed in February 2011 showed differences 
across sites and storage environments (Table 8).  Seed lots from site 1 and 2 that were stored in 
environment 1 had the highest accelerated aging values; seed lots from environment 2 were also more 
vigorous than seed lots from environment 3 and 4.  Seed vigor levels were much lower at site 1 than site 
2 throughout the experiment. The seed vigor levels decreased in both sites as the storage environment 
became more stressful (environments 2, 3, and 4, respectively).  
 As occurred in the phosphorus study, seed lots stored in environment 1 at site 1 had higher 
levels of seed vigor at the end of the study in February 2011 (41.1-72.9%, data not shown) than they did 
when the seed lots were put into the constant 10OC environment in December 2009. These results 
confirm that increases in seed germination can occur during storage of soybeans (Houston, 1973; Moore 
and Roos, 1982).   
Seed lots from site 2 in February 2011 that were stored in environment 1 were the only seed 
lots in the potassium study that had seed vigor levels (>80%) necessary to produce adequate field 
emergence after a year of storage (Egli and TeKrony, 1995).  At the conclusion of the study all seed lots 
had extremely high pathogen loads (data not shown). Further research should be conducted to 
determine if fungicide treated seeds might have better storability. 
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Conclusions 
Results from this study suggest that successful carry-over of soybean seed is unlikely. Even seeds 
stored in environment 1 for 13 months, had germination percentages that declined below the 
recommended levels for optimum field emergence (Egli and TeKrony, 1995).  This negative impact on 
seed germination was exacerbated by poor storage conditions.  The wide fluctuations in relative 
humidity that occurred in non-conditioned storage rapidly decreased seed viability and vigor below 
desirable standards.  However, a larger study including more varieties and environments should be 
undertaken to gain better understanding of how soybean maturity groups and seed composition might 
influence these findings. 
The seed viability and vigor of seed lots grown in plots with high levels of potassium fertilization 
remained high for a few months in poor storage conditions.  This finding could be very important for 
farmers in the developing countries, where climate controlled seed storage facilities are limited.   
Increasing potassium fertility levels of fields where seed is grown could help maintain higher seed 
viability and vigor in poor storage conditions. Future studies should address ideal potassium soil fertility 
levels to maintain high seed vigor in poor storage environments.   
These results also document an increase in seed vigor levels after the first few months of 
storage in higher temperature and relative humidity environments, which is then followed by a rapid 
decrease in vigor levels.  They also document increases in seed vigor in seed lots stored in a continuous 
low temperature and low relative humidity storage environment as suggested previously by DeVries et 
al. (2007), Houston (1973), and Moore and Roos (1982).    
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Table 1.  Site location and climatic information, and initial soil fertility levels prior to treatment 
Site GPS  Coordinates 
NT 
Yrs Variety † 
Planting 
Date 
Harvest 
Date GDD § 
Precip § 
(mm)  
1 41°18'36.13"N, 95°10'9.57"W 15 K 201 5/07/2009 9/29/2009 1386 537  
2 42°55'28.07"N, 95°27'59.91"W 18 NK S28-B4 5/18/2009 9/30/2009 1109 255  
         
  Phosphorus Treatments ¶  Potassium Treatments ¶ 
 Soil Series (Great Group  ‡)  P0 B1 B2 B3  K0 B1 B2 B3 
1 Marshall (T. Hapludolls) 7.5 VL 13.8 L 39.8 VH 61.8 VH  153 O 181 H 180 H 283 VH 
2 Galva (T. Hapludolls) 3.8 VL 12.8 L 52.6 VH 63.6 VH  181 H 164 O 163 O 312 VH 
† K, Kruger; NK, Northup King 
§ Data obtained from Iowa Environmental Mesonet, Iowa State Ag Climate Network. Growing degree day base 10O C 
‡ T, Typic 
¶ VL, Very Low; L, Low; O, Optimum; H, High; VH, Very High 
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Table 2.  ANOVA for the standard germination test indicating the effect of site (S), phosphorus and 
potassium fertilization (T), and storage environment (E).  
 Phosphorus Treatments  Potassium Treatments 
Main Effect Dec 2009 Apr 2010 Feb 2011  Dec 2009 Apr 2010 Feb 2011 
S NS NS *  ** * * 
T ** *** NS  *** NS NS 
S X T *** NS NS  ** NS NS 
E NS NS ***  NS NS *** 
S X E NS NS ***  NS NS ** 
T X E NS * NS  NS NS NS 
S X T X E NS NS NS  NS NS NS 
* Significant at the P < 0.05 probability level. 
** Significant at the P < 0.01 probability level. 
*** Significant at the P < 0.001 probability level. 
† NS = no significant differences at P < 0.05. 
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Table 3. Standard germination test interaction-means in percentage of 
seed grown at different phosphorus fertilization levels. 
Dec 2009 Site   
 1 2   
Treatment % %   
P0 98.00 99.67   
B1 98.33 97.33   
B2 98.33 98.67   
B3 98.33 98.67   
LSD (0.05) 0.61 0.61   
     
Apr 2010 Treatment 
 P0 B1 B2 B4 
Environment  % % % % 
1 99.00 99.00 99.50 99.00 
2 99.33 99.67 98.50 96.83 
3 99.33 99.67 98.50 96.83 
4 99.33 99.67 98.50 96.83 
LSD (0.05) NS NS NS 1.24 
     
Feb 2011 Site   
 1 2   
Environment % %   
1 91.50 78.91   
2 58.42 42.33   
3 54.83 45.50   
4 48.83 52.00   
LSD (0.05) 5.90 5.90   
† NS = no significant differences at P < 0.05. 
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Table 4. Standard germination percentage 
interaction-means (December 2009 and 
February 2011) and means (April 2010) for 
seed lots grown in plots with different 
potassium fertility levels. 
Dec 2009 Site 
 1 2 
Treatment % % 
K0 95.33 95.67 
B1 96.33 98.00 
B2 96.67 99.33 
B3 95.67 98.67 
LSD (0.05) 1.10 1.10 
   
April 2010   
Site %  
1 96.90  
2 99.02  
LSD (0.05) 1.37  
   
Feb 2011 Site 
 1 2 
Environment % % 
1 87.25 77.83 
2 58.83 52.83 
3 57.92 41.75 
4 50.42 46.92 
LSD (0.05) 5.12 5.12 
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Table 5.  ANOVA for accelerated aging tests indicating the effect of site (S), phosphorus and potassium fertilization (T), and storage environment 
(E). 
 Phosphorus Treatments  Potassium Treatments 
Main 
Effect Dec 2009 Apr 2010 May 2010 Jun 2010 Feb 2011 
 
Dec 2009 Apr 2010 May 2010 Jun 2010 Feb 2011 
S NS ** * NS **  ** * * NS * 
T *** NS * NS NS  *** ** * NS NS 
S X T *** NS NS NS NS  *** * NS NS NS 
E NS *** NS * ***  NS *** NS * *** 
S X E NS * NS NS **  NS NS NS NS * 
T X E NS * ** NS NS  NS ** NS NS NS 
S X T X E NS ** NS NS NS  NS ** NS NS NS 
* Significant at the P < 0.05 probability level. 
** Significant at the P < 0.01 probability level. 
*** Significant at the P < 0.001 probability level. 
† NS = no significant differences at P < 0.05. 
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Table 6.  Accelerated aging test means 
(June 2010) and interaction-means 
(December 2009, May 2010, and February 
2011) in percentages for seed lots grown in 
plots with different phosphorus 
fertilization levels. 
Dec 2009 Site 
 1 2 
Treatment % % 
P0 87.67 83.00 
B1 79.33 73.33 
B2 49.00 72.33 
B3 85.33 55.33 
LSD (0.05) 6.04 6.04 
   
June 2010   
Environment %  
1 -   
2 89.30  
3 83.30  
4 94.00  
LSD (0.05) 7.23  
   
Feb 2011 Site 
 1 2 
Environment % % 
1 77.00 81.58 
2 8.25 33.33 
3 4.08 18.42 
4 1.58 12.17 
LSD (0.05) 7.37 7.37 
 
83 
 
 
 
 
 
Table 7. Accelerated aging test site x treatment x environment interaction means for the seed testing of April 2010 
of seed grown in plots with different phosphorus fertilization levels. 
 Site 1  Site 2 
Treatment P0 B1 B2 B4  P0 B1 B2 B4 
Environment  % % % %  % % % % 
1 38.67 71.00 61.33 70.00 80.33 79.00 77.67 74.33 
2 92.67 90.00 85.00 81.67 95.00 96.33 94.33 95.00 
3 92.67 90.00 85.00 81.67 95.00 96.33 94.33 95.00 
4 92.67 90.00 85.00 81.67 95.00 96.33 94.33 95.00 
LSD (0.05) 10.41 10.41 10.41 10.41 10.41 10.41 10.41 10.41 
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Table 8.  Accelerated aging test means 
(May 2010 and June 2010) and interaction-
means (December 2009 and February 
2011) in percentages of seed grown in 
plots with different potassium fertilization 
levels. 
Dec 2009 Site 
 1 2 
Treatment % % 
K0 40.67 89.67 
B1 31.33 83.67 
B2 20.33 82.33 
B3 72.00 85.67 
LSD (0.05) 6.23 6.23 
   
May 2010   
Site %  
1 85.67  
2 92.86  
LSD (0.05) 5.90  
Treatment %  
K0 84.89  
B1 92.06  
B2 90.67  
B3 89.44  
LSD (0.05) 5.24  
   
June 2010   
Environment %  
1 -  
2 88.46  
3 83.29  
4 92.63  
LSD (0.05) 6.46  
   
Feb 2011 Site 
 1 2 
Environment % % 
1 72.92 83.92 
2 20.00 41.83 
3 5.91 24.17 
4 4.17 7.42 
LSD (0.05) 9.34 9.34 
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Table 9.  Accelerated aging test site x treatment x environment interaction means (April 2010) of seed grown in plots with different 
potassium fertilization levels. 
 Site 1  Site 2 
Treatment K0 B1 B2 B4  K0 B1 B2 B4 
Environment  % % % %  % % % % 
1 48.33 55.67 61.67 53.67 77.00 76.00 42.33 32.67 
2 79.67 93.00 85.33 88.67 90.67 96.33 98.00 94.33 
3 79.67 93.00 85.33 88.67 90.67 96.33 98.00 94.33 
4 79.67 93.00 85.33 88.67 90.67 96.33 98.00 94.33 
LSD (0.05) 13.63 13.63 13.63 13.63 13.63 13.63 13.63 13.63 
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Figure 1. Daily average temperature readings in degrees Celsius of storage environments 1 to 4 
between December 2009 and February 2011. Environments 2, 3, and 4 follow similar temperature 
regimens throughout the experiment, except for the months of May and June when seed lots were 
subjected to different temperature treatments. 
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Figure 2. Daily average relative humidity in percentages of storage environments 1 to 4 between 
December 2009 and February 2011. Environments 2, 3, and 4 follow similar relative humidity 
regimens throughout the experiment, except for the months of May and June when seed lots were 
subjected to different relative humidity treatments. 
 
 
88 
 
 
 
 
Figure 3. Weekly average temperature values in degrees Celsius of environments 2 to 4 during 
alternating temperature cycles, April 2010-June 2010.  Error bars represent the standard error of the 
mean.
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Figure 4. Weekly average relative humidity percentages of environments 2 to 4 during the 
alternating temperature cycles, April 2010-June 2010.  Error bars represent the standard error of the 
mean. 
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CHAPTER 4. GENERAL CONCLUSIONS 
 
 We found that high levels of phosphorus and potassium fertilization can affect seed quality 
and composition.  Seed viability and vigor decreased as a result of high phosphorus and potassium 
fertility levels in the production environment.  These findings are particularly important because 
many seed companies manage fields at high fertility levels to ensure maximum seed yield.  We also 
observed higher pathogen loads on seed lots grown on plots with the highest rates of phosphorus 
and potassium fertility. Further work needs to be completed to quantify these differential pathogen 
loads.   
 Seed compositional changes also were observed in response to phosphorus and potassium 
fertilization.  Many of these results were small and inconsistent, so we do not recommend applying 
excess fertilizer to improve these quality traits.  However, a few of our observations of fertilization 
effects on seed composition warrant further investigation.  We observed increases in linolenic acid 
concentrations in response to phosphorus and potassium fertilization.   These results are of 
particular importance to breeders, seed producers, and grain producers who are developing 
soybean seeds with lower levels of linolenic acid for the food grade, oil market.  More research must 
be conducted to determine if these same responses occur in soybean lines that have been selected 
for lower linolenic acid content.  Small increases in linoleic acid concentrations also were observed 
in response to increased levels of phosphorus fertility.  Linoleic acid is a desirable polyunsaturated 
fatty acid in soybeans.  Further studies should be completed to determine if linoleic acid 
concentrations can increase in response to phosphorus fertilization without undesirable increases in 
linolenic acid. 
 Our findings suggest that successful re-conditioning of soybean seed returned after storage 
in dealers’ and producers’ warehouses is unlikely.  None of the seed lots stored in inadequate 
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storage environments, and very few of the seed lots stored in ideal storage environments had 
adequate levels of seed viability and vigor at the end of the study.  Seed lots produced under high 
levels of potassium fertility could withstand poor storage environments better in the short term.  
We also documented increases seed vigor from the beginning to the end of the 13-month storage 
period for seed lots stored in a climate controlled storage room held at 10OC and 50% ± 5% relative 
humidity. 
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